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Abstract. We present predictions for the interactions of energetic neutrinos with matter as
they propagate through Earth towards large-volume detectors. Our results are based on state-
of-the-art calculations of the high-energy neutrino-matter interaction cross-sections, which we
have implemented in the HEDIS module of GENIE. In addition to the dominant interaction
process, deep inelastic scattering off quarks and gluons, we include the relevant subdominant
channels: (in)elastic scattering off the photon field of nucleons, coherent scattering off the
photon field of nuclei, as well as the scattering on atomic electrons via the Glashow resonance.
Our predictions for the neutrino attenuation rates are provided by a new software package,
NuPropEarth. We quantify the dependence of our results on the cross-section model, including
nuclear corrections, the incidence angle, and the spectral index, and compare them with other
publicly available tools.
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1 Introduction
The detection of high-energy neutrinos from astrophysical sources has the potential to greatly
advance our knowledge of both astronomy and particle physics. For several ongoing and
planned experiments, including ANTARES [1], IceCube [2, 3], KM3NeT [4], ANITA [5],
BAIKAL [6] and IceCube-Gen2 [7], the detection of such energetic neutrinos is one of the
main goals. At higher energies, Earth-skimming neutrinos are the target for a slew of running
and proposed experiments, like the Askaryan Radio Array (ARA) [8], ARIANNA [9], the
Pierre Auger Observatory [10], the Antarctic Impulsive Transient Antenna (ANITA) [11],
and the Giant Radio Array for Neutrino Detection (GRAND) [12]. The interpretation of the
measured event rates from these experiments depends on precise knowledge of the interaction
cross section of high-energy neutrinos in two ways. First of all, these cross sections determine
the probability of a neutrino interacting within the detector’s sensitive volume. Secondly,
interactions with Earth matter modify the incoming neutrinos as they travel towards the
detector, leading to either absorption or to a change in the neutrino energy and direction.
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High-energy neutrinos can interact with Earth matter via different processes. The total
cross section is dominated by deep inelastic scattering (DIS) off the quarks and gluons from
matter nucleons. Neutrino DIS can be either mediated by a W -boson in charged-current
(CC) scattering, or by a Z -boson in neutral-current (NC) scattering. The former leads to the
production of a charged lepton and in general to the attenuation of the neutrino flux, while
the latter results in a degradation of the neutrino energies. Further, tau leptons produced
in the CC scattering of tau neutrinos will decay within the Earth volume, feeding the tau
neutrino flux at lower energies by means of a regeneration process.
Beyond the dominant NC and CC deep inelastic scattering mechanisms, other subdom-
inant channels contribute to neutrino-matter interactions at high energies. These include the
(in)elastic scattering off the photon field of nucleons, coherent scattering off the photon field
of nuclei, as well as the scattering on atomic electrons via the Glashow resonance. The latter
process is restricted to electron anti-neutrinos which undergo CC interactions with atomic
electrons via the resonant exchange of a W -boson, which occurs for Eν ' 6.3 PeV. These
channels can modify the neutrino-matter interaction cross section by up several percent as
compared to the leading DIS process, and it is therefore important to include them to precisely
model the propagation of neutrinos through Earth.
The modification of the astrophysical neutrino flux due to these various interaction
processes depends, among other factors, on the neutrino energy, the flux spectral index,
the amount of matter traveled (equivalently on the zenith angle), the model for the Earth
structure, and the cross-sections modeling. Furthermore, as the neutrino interaction cross
sections grow with Eν (power-like for Eν . mW, logarithmically above), these matter-induced
attenuation effects are particularly effective in suppressing the high-energy component of the
flux. This sensitivity of the expected event rates on the neutrino-matter interactions was
exploited by IceCube to present a first measurement of the neutrino-nucleon interaction cross
section up to Eν = 980 TeV [13] (see also [14]), recently updated to energies of 10 PeV by
using 7.5 years of the high-energy starting events (HESE) sample [15]. This effect has been
also used to study the Earth’s internal structure [16].
Theoretical calculations of the neutrino-matter interaction cross section at high energy
rely on inputs such as higher-order perturbative QCD and electroweak calculations, heavy
quark mass effects, and the quark and gluon substructure of nucleons and nuclei encoded
in the parton distributions (PDFs) [17–19]. Several groups have presented predictions for
the neutrino-nucleon DIS cross sections at high-energies, both based on the collinear DGLAP
framework [20–25] and in alternative approaches [26–28] such as accounting for non-linear cor-
rections to the QCD evolution equations. For energies in the range Eν & 107 GeV(10 PeV),
these cross sections become sensitive to the behaviour of the nucleon and nuclear PDFs at
small values of the momentum fraction x . 10−5, for which limited experimental constraints
are available. None of these studies account for the effects of subdominant interaction pro-
cesses in the total cross section, which have been considered in [29–33].
In this work we present predictions for the interactions of high-energy neutrinos with
matter as they propagate through Earth. Our results are based on state-of-the-art calculations
of the high-energy neutrino-matter interaction cross-sections, which we have implemented in
an updated version of the HEDIS [34] module of the GENIE [35] neutrino event generator. The
predictions for the neutrino DIS cross section presented in this work are based on the BGR18
calculation [24], which combines higher-order QCD calculations with the NNPDF nucleon
PDFs constrained in the small-x region by the LHCb D-meson production data [36, 37]. The
description of the subleading interactions is based on [31], and we adopt the formalism for
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coherent scattering of [38] which was presented for W -boson production in [32, 33].
This calculation of the interaction cross-sections provided by HEDIS has been imple-
mented in a novel software package for the modeling of high-energy neutrino propagation
in matter, NuPropEarth. This framework is based on a Monte Carlo simulation, which al-
lows keeping track of the trajectory that each of the incoming neutrinos follow as they travel
through Earth. By means of NuPropEarth we are able to study the sensitivity of the resulting
neutrino attenuation rates with respect to the incoming neutrino flavour, the cross-section
model, the incidence angle, the spectral index γ of the incoming flux, and the subleading
interaction mechanisms. We also assess the impact of nuclear corrections in the attenuation
rates using the nNNPDF1.0 determination [39], finding that these represent one of the dom-
inant sources of theoretical uncertainty. We compare our results for the neutrino attenuation
rates to those from other publicly available tools such as NuFate [40], NuTauSim [41] and
TauRunner [42], and identify the underlying origin of their differences when present. Instruc-
tions for the installation and running of NuPropEarth, which can be obtained from its public
GitHub repository, are also provided.
The outline of this paper is the following. To begin with, in Sect. 2 we review the
theoretical ingredients that determine the interactions between high energy neutrinos and
Earth matter. Then in Sect. 3 we present the details of our simulation of the propagation of
neutrinos through the Earth based on the NuPropEarth framework. In Sect. 4 we discuss the
results of our calculation for the neutrino flux attenuation and compare with other approaches
presented in the literature. In Sect. 5 we revisit these results now accounting for the uncer-
tainties associated to the modelling of the nuclear structure. Finally, in Sect. 6 we conclude
and outline possible future developments for our work. The dependence of the attenuation
rates on the spectral index is collected in the Appendix A, we provide recommendations for
the calculation of neutrino-nucleon DIS predictions in Appendix B, and in Appendix C we
describe how NuPropEarth should be installed and executed.
2 Neutrino-matter interactions at high energies and HEDIS
The main goal of this work is to provide a flexible framework suitable for describing the
attenuation processes that high-energy neutrinos undergo as they travel through the Earth,
accounting for all relevant neutrino-matter interaction mechanisms. The core of this frame-
work are the theoretical predictions for the differential cross sections describing how high-
energy neutrinos can scatter with the possible matter targets encountered as they traverses
the Earth.
In this section, we review the theoretical formalism which is used to describe such high-
energy neutrino (Eν & 1 TeV) scattering. Furthermore, we provide here specific details on
how each of the relevant mechanisms have been implemented within HEDIS [34]. As part
of this implementation, we also benchmark the neutrino-nucleon Deep Inelastic Scattering
(DIS) calculation against the previous results provided in BGR18 [24] and CMS11 [23]. As
will be discussed, this is the dominant scattering process for neutrino scattering at high-
energies, and these models will be used as benchmarks in the following sections when we
study specific features of the propagation of neutrinos in Earth. As these processes have
all been implemented within a common framework, we take the opportunity to provide a
prediction for the inclusive cross section taking into account each of these scattering regimes
(with modern inputs in all cases). This prediction represents an improvement over those made
in all previous studies.
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Figure 2.1. Left: neutrinos interact with the nucleons of Earth matter either via charged current
scattering, mediated by a W -boson, or via neutral current scattering, mediated by a Z -boson. The
corresponding cross-section calculation requires as input knowledge on the quark and gluon PDFs in
the nucleon. Right: neutrinos may interact coherently with the photon field of a nucleus to produce
an on-shell W -boson. A similar process also exists when the neutrino interacts with the photon field
of individual nucleons.
2.1 Theoretical formalism
To structure the discussion of the various neutrino scattering mechanisms relevant to the
attenuation calculation, it will be useful to recognise that although we are interested in the
scattering rate of high-energy neutrinos, the total momentum exchange (Q) of the neutrino
to the possible targets (atoms) in the scattering process may range from high to very small
values (Q ≤ GeV).
The distinction between Eν and Q emphasizes that, even for neutrinos with a common
energy Eν , depending on the actual momentum transfer Q the scattering process will probe
different structures of the target atom, which in turn determines which should be the ap-
propriate theoretical description. Taking into account this consideration, we can summarise
the relevant scattering mechanisms for the calculation of neutrino attenuation due to matter
effects as follows:
• Deep inelastic scattering (DIS) off nucleons. In this process, the neutrino scatters upon
the internal content of bound nucleons. This channel is dominated by the subprocess
where the neutrino exchanges an electroweak gauge-boson, either a W or a Z in CC
and NC scattering respectively, with the partonic content of the bound nucleon. The
momentum transfer Q associated to this channel corresponds to a continuum of energies
Q & 0, although the numerically most important contribution arises from the region
where the exchanged momentum is large, Q ≈ mW.
In addition to scattering off quarks and gluons, DIS also receives sub-leading contribu-
tions from processes where the neutrino (indirectly) interacts with the photon field of
the nucleon. Such interactions are relevant when it becomes kinematically possible to
produce a W -boson, leading to a resonant enhancement of the cross section.
• Coherent scattering on a nucleus. At very small values of the momentum transfer,
Q ≤ 1 GeV, the neutrino can resolve the photon field of the whole nucleus [43]. The
contribution from this process becomes relevant for neutrino energies of Eν & 30 TeV,
for which despite the small value of Q it becomes kinematically possible to produce a
W -boson. The cross section for this process is proportional to the atomic number of the
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nucleus squared (∝ Z2) and therefore becomes increasingly more important for heavy
nuclei, where it can reach up to (5-10)% of the DIS cross section.
• Elastic/diffractive scattering on nucleons. At momentum transfers of Q ≈ 1 GeV, the
neutrino can resolve the photon field of an individual bound nucleon. Typically, this
contribution is numerically unimportant (below 1% of the total cross section).
• Scattering upon atomic electrons. Electron anti-neutrinos can interact resonantly with
atomic electrons to produce an on-shell W -boson. This process, known as the Glashow
resonance [44], becomes important when the centre-of-mass energy of the scattering
satisfies
√
s =
√
2meEν¯e ' mW , which occurs for neutrino energies of Eν ' 6.3 PeV.
A schematic representation of the CC and NC DIS processes is shown in Fig. 2.1 (left), while
the interaction of a neutrino with the photon field of either a nucleus or nucleon is depicted
in Fig. 2.1 (right). A technical description of these processes and their implementation is
provided below.
2.1.1 DIS: charged- and neutral-current scattering
The scattering between high-energy neutrinos and Earth matter is dominated by CC and NC
DIS interactions. In these processes, the incoming neutrino probes the internal structure of
bound nucleons through the exchange of a either a W -boson or a Z -boson respectively, as
depicted in Fig. 2.1. In the context of the neutrino flux attenuation calculation, CC scattering
leads to both neutrino absorption and regeneration (the latter through τ -lepton decay), while
NC scattering results in a softening of the neutrino energy distribution.
The modelling of neutrino attenuation due to matter effects requires a differential de-
scription of the lepton kinematics following the scattering processes, which is provided by
the DIS structure functions F νNi (x,Q
2). Following the notation of [24], we can express the
double-differential cross section for the CC process ν(k) +N(p)→ `(k′) +X(W ) as:
d2σCCνN
dx dQ2
=
G2Fm
4
W
4pix(Q2 +m2W)
2
(
Y+F
νN
2,CC(x,Q
2) + Y−xF νN3,CC(x,Q
2)− y2F νNL,CC(x,Q2)
)
, (2.1)
where the momentum transfer for this process defined as Q2 = −q2 with q = k′ − k; the
inelasticity variable is y = (q · p)/(k · p); Y± = 1 ± (1 − y)2; and x = Q2/(2 q · p). A similar
expression also holds for NC scattering (see Appendix A of Ref. [24]). The corresponding
formula for the case of an incoming anti-neutrino is obtained by reversing the sign of the xF3
term in Eq. (2.1).
For a given neutrino energy Eν , the neutrino-nucleon scattering process quantified by
Eq. (2.1) can occur for a continuum of values of the momentum transfer, Q & 0, and therefore
in principle knowledge of the structure functions across the entire kinematic regime is required.
In the non-perturbative regime, defined by Q . 1 GeV, the structure functions can be
obtained from phenomenological fit to data, or may be constructed from models which have
been tuned to data such as in [45]. However, as highlighted in [24], the contribution of this
low-Q region to the total cross section is negligible for neutrino energies Eν & 1 TeV and so
we do not consider it further in this work. See also the discussion in Appendix B.
The relevant kinematical region for the neutrino attenuation calculation is the deep-
inelastic regime, defined by Q 1 GeV, where the DIS structure functions F νNi (x,Q2) admit
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a factorised expression in terms of perturbative coefficient functions and non-perturbative
parton distribution functions (PDFs),
F νNi (x,Q
2) =
∑
a=g,q
∫ 1
x
dz
z
Cνi,a
(x
z
,Q2
)
f (N)a
(
z,Q2
)
, (2.2)
corresponding to a convolution of the process-independent PDFs (f (N)a ) of the (potentially
bound) nucleon N with process-dependent coefficient functions (Cνi,a). The latter can be
computed in perturbation theory as a power expansion in the strong coupling αs. The PDFs
are determined by non-perturbative QCD dynamics which need to be extracted from ex-
perimental data by means of global analyses,1 while the evolution of these PDFs is instead
perturbative and can be determined from the solutions of the DGLAP evolution equations
(which are x-space convolutions of splitting functions with PDFs).
Therefore, in order to evaluate the CC and NC DIS cross sections relevant for high-energy
neutrino attenuation one needs to compute the structure functions Fi(x,Q2) using Eq. (2.2).
In this work, these DIS structure functions are computed using the APFEL program [47]. APFEL
contains expressions for the massless CC and NC coefficient functions up to O(α2s) [48–50] and
the massive CC and NC coefficient functions up to O(α2s) [51] and O(αs) [52–54] respectively
(higher-order corrections for the CC process have been completed [55, 56], but are not in
a suitable format for our current purposes). Within APFEL, options are also available to
combine these computations to construct structure function predictions in particular mass
schemes, such as the FONLL general-mass variable flavour number scheme [57]. Note that
the possibility to account for the impact of small-x resummation of coefficient functions and
PDF evolution [58] is also possible, which is provided though an interface with the HELL
program [59, 60]. Further, the impact of nuclear corrections in the DIS structure functions
can be taken into account by using a set of PDFs for a bound nucleon as an input to Eq. (2.2).
These input PDFs can either be evolved by APFEL, or obtained from the pre-tabulated grids
with the LHAPDF6 interpolator [61].
The DIS predictions which enter the neutrino attenuation calculation therefore depend
on the choice of the input PDFs, the scheme choice for including/ignoring heavy quark mass
effects, as well as the perturbative order of the computation. Throughout this paper, we
will adopt the BGR18 calculation of DIS structure functions as baseline, and present also
the results corresponding to the CMS11 calculation. We summarise below the main features
of these two calculations, while the validation of their implementation within HEDIS is given
towards the end of this section.
CMS11. This calculation was presented in [23] (updating earlier work [20]) and has been an
important benchmark for the (ultra)-high-energy neutrino-nucleon cross section. As inputs,
this calculation uses the NLO HERA1.5 PDF set [62] which is fitted to the combined HERA
data [63], and uses expressions for the massless coefficient functions at NLO as made available
in DISPred [64] and QCDNUM [65].
BGR18. This calculation was presented in [24], and includes predictions at (N)NLO in-
cluding the impact of small-x resummation, as well as at NLO accuracy. The input PDF sets
are obtained from the NNPDF3.1sx global analyses of collider data [66]. In addition to the
data considered in that analysis, the impact of D-meson production in pp collisions at 5,7,
1See [46] for recent progress in first-principle calculations of PDFs via lattice QCD.
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and 13 TeV [67–69] is also accounted for by performing a reweighting of these PDF sets—this
data is relevant as it constrains the PDFs at small-x values (beyond the kinematic range of
HERA data) which enters the neutrino-nucleon cross section for Eν & 1 EeV [36]. These
calculations use the FONLL general-mass variable flavour number scheme [57] to account for
the impact of heavy quark mass effects on the cross section. The impact of nuclear corrections
in [24] were accounted for by computing a nuclear modification using the EPPS16 [70, 71]
nPDFs, and applying this to the free-nucleon predictions as described above.
For the results shown in this work, we always use the BGR18 calculation where all
inputs are computed at NLO. This leads to the most consistent prediction as heavy quark
mass effects, nuclear corrections, and the description of the LHCb D-meson data can all be
computed at this order. The impact of small-x resummation on the total cross-section is less
than a few percent provided Eν . 1010 GeV [24]. This is a small effect as compared to the
uncertainties associated to nuclear corrections at this energy, and so it can be neglected. The
role of nuclear corrections on the attenuation calculation will be discussed in detail in Sect. 5.
2.1.2 DIS: resonant interactions with the nucleon’s photon field
In addition to the dominant deep-inelastic scattering processes described above, the incoming
neutrino may instead interact indirectly with the photon field of the nucleon. In this channel
the incoming neutrino may interact with a lepton which has been generated by the photon
field of the nucleon. This CC scattering process is negligibly small under most circumstances,
the exception being when the neutrino has enough energy (
√
2mNEν & mW) to produce
an on-shell W -boson which leads to a resonant enhancement of the cross section. For this
reason, we refer to it as ‘DIS resonant’. See Fig. 2.1 (right) for a schematic depiction. This
channel can amount up to a 3% correction of the total DIS cross section [29–33], contributes to
both neutrino absorption and regeneration effects (through leptonic W -boson decays), and is
therefore relevant for the description of the neutrino attenuation process due to Earth matter.
The contribution from this channel can be taken into account by convoluting a partonic
cross section (σ̂) for the process νγ → `W with the inelastic photon PDF of the nucleon
according to
σνN(Eν) =
∫
dx γNinel
(
x, µ2F
)
σ̂νγ(x, µ
2
F , Eν) , (2.3)
where γNinel(x, µ
2
F ) is the inelastic photon PDF of nucleon N. The partonic cross section for
the neutrino-photon scattering process is given by
σ̂νγ(x, µ
2
F , Eν) =
1
2sνγ
∫ ∑
|Mνγ→f |2 dΦf , (2.4)
where Φf is the phase space for the the final state f (f = W` in this case),M is the matrix ele-
ment for the partonic process, the squared partonic centre-of-mass energy is sνγ = 2xmNEν ,
and a sum (average) of final (initial) state spins/polarisations is assumed. Practically, we
have implemented analytic expressions for the spin-averaged squared matrix-element and per-
formed the phase space integration numerically, which makes it straightforward to compute
differential observables of interest (by placing a constraint on the phase space integration).
This computation can also be performed in the zero-mass limit for the leptons by per-
forming mass factorisation as noted in [31]. In this approach, the leptons are included as
parton distribution functions of the nucleon and the convolution in Eq. (2.3) is between the
lepton PDFs and a partonic cross section for the subprocess ν + ¯`→ W. The benefits of
this approach are that the large collinear logarithms which appear at O(α) for the massive
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computation are resummed to all orders by the joint QCD⊗QED evolution of the PDFs [72],
and that the calculation is easier to extend to higher-orders or to include off-shell effects for
the W -boson decays. Within this approach, all relevant O(α) corrections for the off-shell
computation were actually already computed in [31].
In either case, the inelastic photon PDF of bound neutrons and protons is required.
For the proton, we use the NNPDF3.1 PDF fit with a photon PDF [73] obtained using the
luxQED formalism of Ref. [74, 75]. For the neutron, we instead use the boundary condition
of the QCD-only NNPDF3.1 PDF fit of the proton [76], and use isospin symmetry to extract
the QCD PDFs of the neutron at Q0 = 1.65 GeV. These PDF sets are then evolved according
to the joint QCD⊗QED solution to the DGLAP equation implemented within APFEL [47].
When the massless calculation is performed, this evolution includes the lepton PDFs. In this
case, we also use a fixed-order ansatz to approximate the x-dependence of the lepton PDFs
of the proton at the initial evolution scale Q0 = 1.65 GeV. We note that there has recently
been a direct extraction of lepton PDFs [77] which may be used as an alternative to the
procedure discussed above. It should also be noted that here the impact of nuclear effects
on the photon PDF are not accounted for. This is because, currently, available analyses of
nPDFs are limited to only QCD partons.
A detailed study of both massive and massless approaches, as well as the impact of off-
shell effects, to describing this process has been performed. In general it was found that these
approaches lead to similar results. The massless LO calculation approximates well the full
NLO calculation [31] for Eν . 1 PeV, whereas at higher energies it was important to include
the νγ-induced channel (part of the NLO calculation). In addition, it was found that the
massive computation overestimates (as compared to the NLO accurate massless computation
with off-shell effects) the cross-section in the electron channel. At the level of the total cross-
section, these differences amount to corrections of ≈ 1%. In this work we have chosen to use
the LO massless computation our baseline results.
2.1.3 Coherent neutrino scattering
At small values of the momentum transfer, Q . 1 GeV, the neutrino may interact coherently
with the photon field of the entire target nucleus. For sufficiently high-energy neutrinos (Eν &
3 × 104 GeV), the production of a W -boson via coherent scattering becomes kinematically
possible. As noted before, the cross section for this process is proportional to the atomic
number of nucleus squared (Z2) which makes it particularly relevant for the attenuation
process in the Earth where 〈Z〉 ≈ 16. For such a nucleus, coherent neutrino scattering can
impact the total cross section by up to 10%, which in turn implies that it also affects the
total rate of absorption and regeneration of neutrinos which traverse the Earth.
For the description of this process, we use the formalism presented for neutrino trident
production in [38] (based on earlier work [78, 79]), as well as for the case of W -boson produc-
tion in [32, 33]. Following Ref. [38], the differential cross section for the coherent scattering
process (C) may be written as
d2σνC
dQ2 dsˆ
=
1
32pi2
1
sˆQ2
[
hTC(Q
2, sˆ)σ̂Tνγ(Q
2, sˆ) + hLC(Q
2, sˆ)σ̂Lνγ(Q
2, sˆ)
]
, (2.5)
where hT/LC (Q
2, sˆ) are transverse/longitudinal hadronic flux functions, σ̂T/Lνγ (Q2, sˆ) are the
corresponding partonic cross sections for the leptonic subprocess, Q2 is the negative virtuality
of the off-shell photon momentum (with four momentum q), and sˆ = 2 k · q (two times the
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dot product of the incoming neutrino and photon four-momenta). Notice that this process
is governed by different kinematics as compared to the DIS process. The exact form of the
functions hT/LC (Q
2, sˆ) can be found in Eq. (2.15a, 2.15b) of Ref. [38]. These flux functions are
proportional to Z2 and the squared modulus of the electromagnetic nuclear form factor, and
for the latter we also use an analytic expression for the symmetrised Fermi function [80, 81].
The computation of the leptonic partonic cross section in terms of transverse and longitudinal
components is performed according to
σ̂Tνγ(Q
2, sˆ) =
1
2sˆ
∫
1
2
∑(
−gµν + 4Q
2
sˆ2
kνkν
)
|M|2µν dΦf ,
σ̂Lνγ(Q
2, sˆ) =
1
sˆ
∫ ∑ 4Q2
sˆ2
kνkν |M|2µν dΦf , (2.6)
where |M|2µν is the squared matrix-element for the leptonic process ν(k) + γ(q) → f with
the spin-index of the off-shell photon left open. In this work we are interested in the contri-
bution to W -boson production, where f = W`. The relevant amplitude is given in the Ap-
pendix of Ref. [32], and we have implemented analytic expressions for the contracted squared
matrix-elements appearing in Eq. (2.6). As before, the phase space integration is performed
numerically to allow for maximum flexibility. In practice, the phase space is parameterised
in the centre-of-mass frame of the incoming neutrino and off-shell photon, and a transforma-
tion to the lab frame is performed with a series of boosts and rotations (see Appendix A of
Ref. [33]). In this way, lab-frame observables are easily accessible without the need to rely on
any approximation.
As a cross-check, we have also implemented an alternative computation of this process
based on the Equivalent Photon Approximation (EPA) [82–84] for W -boson production as
in [30]. We find (in agreement with [32]) that the EPA leads to an over-estimation of the
inclusive cross section in the electron channel (breakdown of the EPA), while for muon and
tau channels we find agreement between the two methods. This behaviour is expected as
the impact of the off-shell effects is most relevant when Q & m`, which is a kinematic region
frequently encountered for the electron channel, but not for the muon and tau channels as
the electro-magnetic nuclear form factor falls off steeply for Q & 0.1 GeV.
2.1.4 Elastic and diffractive scattering
At momentum transfer values of Q ∼ GeV, the neutrino may instead resolve the photon field
of individual nucleons. In this case, similarly as in coherent neutrino scattering, it is possible
to produce an on-shell W -boson, which can occur for Eν & 3 × 103 GeV. As previously
discussed, when describing the DIS resonant process, we use a description of the photon PDF
of the proton which has been obtained using the luxQED formalism. This PDF includes
an elastic component which is extracted from knowledge of the electric and magnetic Sachs
form factors of the proton, which have in turn been fitted from low momentum-exchange
e−p scattering data [85]2. This elastic component therefore contributes to the calculation of
the DIS resonant process on proton targets as discussed above. This component is therefore
included in the contributions we label as ‘DIS resonant’.
Alternatively, this contribution can be directly computed using the same formalism as
presented for coherent scattering discussed above. The differential cross section as presented
in Eq. (2.5) is also applied in this case. The hadronic flux-functions must then be replaced with
2Note that these fits of the Sachs form factors deviate from those obtained from the simple dipole form.
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those for individual nucleons (neutrons and protons). The relevant functions are provided in
Eq. (2.19a, 2.19b) of Ref. [38], which can be written in terms of the electric and magnetic
Sachs form factors (see Appendix A of the same work). An implementation of this process
has also been made available in HEDIS, where an analytic dipole form of the Sachs form factors
has been used, with the option to also include Pauli blocking effects [86].
2.1.5 Scattering upon atomic electrons
In addition to the scattering processes off nucleons and nuclei from matter targets discussed
above, it is also possible that the incoming neutrinos interact with atomic electrons. This
process is negligible under most circumstances, with the exception of high-energy electron
anti-neutrinos. For that case, neutrino scattering upon atomic electrons receives a large res-
onant enhancement when the centre-of-mass energy is
√
s =
√
2meEν¯ ≈ mW, corresponding
to the production of an on-shell W -boson and known as the Glashow resonance. Close to
this resonance region, corresponding to Eν¯ ∈ [3, 10] PeV, neutrino scattering upon atomic
electrons dominates over all other scattering processes. It is therefore important to provide
a detailed description of this channel in calculations of neutrino attenuation due to mat-
ter effects. A precision computation for this process was presented in [31], where all NLO
corrections, both in QCD and in electroweak theory, were evaluated. This calculation also
accounted for the impact of higher-order initial-state-radiation (ISR) effects. In addition to
these perturbative corrections, this process may also be subject to atomic broadening effects
which have been discussed in [87].
In this work, instead of adopting the complete calculation of Glashow resonant scattering
for the attenuation process, we have implemented an approximation using a structure function
based approach to account for the impact of the emission of initial-state photons. In this
approach, the cross section takes the form
σ(Eν¯) =
∫
dxΓee(x, µ
2
F) σ̂eν¯e(x, µ
2
F, Eν¯) , (2.7)
where the partonic cross section is the same as that in Eq. (2.4), and we use the exponentiated
form of the structure function given by
Γee(x, µ
2
F) =
exp
(−βlγE + 34βl)
Γ (1 + βl)
βl(1− x)βl−1 − βl
2
(1 + x) , βl =
α
pi
(
ln
[
µ2F
m2e
]
− 1
)
, (2.8)
with γE being the Euler-Mascheroni constant, and where the function Γ appearing in the
denominator of Eq. (2.8) (which has no subscripts) is the usual gamma function. This ap-
proach accounts for the leading logarithmic correction generated by photon emission from the
atomic electron, with an all-order treatment of the soft contribution [88–94]. The approxim-
ation of Eq. (2.8) is found to well approximate the NLO+LL result of [31] (computed in the
GF -scheme) within the vicinity of the resonance. More sophisticated approaches are possible
(see [95] for a summary) and necessary for precision collider experiments, but the approach
taken here is sufficient to achieve the percent-level accuracy relevant for the attenuation cal-
culation. As for the other subprocesses describe above, here we implement an expression
for the partonic cross section according to Eq. (2.4) and perform the phase-space integration
numerically.
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2.2 Validation and cross-section predictions with HEDIS
In the context of calculations of high-energy neutrino propagation through Earth matter,
the main advantage of adopting the HEDIS module [34] is that it makes possible using state-
of-the-art calculations of the neutrino-matter cross sections, in particular for the processes
described in the previous section, into a full-fledged neutrino event generator such as GENIE.
Originally, the HEDIS program accounted only for the DIS structure function contributions
(see Sect. 2.1.1) to the neutrino-matter interaction cross sections [34]. As compared to those
first studies, in this work we have extended HEDIS with the addition of three sub-dominant
contributions to the total interaction cross section: the Glashow resonance process (scattering
on atomic electrons), the scattering of neutrinos with the photon-field of nucleons, as well
as the coherent scattering process where the neutrino interacts with the photon field of the
entire nucleus.
We note that other popular neutrino event generator codes such as GENHEN [96] (based
on LEPTO [97]), ANIS [98] are restricted to leading-order calculations, use obsolete PDF sets
(which do not account for the latest constraints from HERA and LHC data), and are of-
ten restricted to precomputed look-up cross-section tables. Relying on obsolete PDF sets is
specially problematic if such generators would be used to model high-energy neutrino inter-
actions, since as mentioned above the DIS neutrino-nucleon cross sections become sensitive
to small-x PDFs whose behaviour is very different in modern PDF sets constrained by the
latest experimental measurements from HERA and the LHC.
DIS CC and NC scattering. As explained in Sect. 2.1, the dominant contribution for
high-energy neutrino matter interactions is the DIS neutrino-nucleon scattering. As reported
in [34], both the BGR18 and CMS11 calculations have been implemented in HEDIS. These
cross-section calculations are based on the evaluation of the double-differential DIS neutrino
cross section Eq. (2.1), using APFEL [47] to compute structure functions and LHAPDF6 [61] to
access the PDFs.
In Fig. 2.2 we display the neutrino-nucleon DIS cross section as a function of the neutrino
energy Eν for CC (left) and NC (right) scattering. We compare the results of the original
BGR18 and CMS11 calculations with the predictions computed with HEDIS using the same
theoretical set-up in each case. As noted in Sect. 2.1.1, in this work we use the BGR18
model with all inputs computed at NLO, and compare to the corresponding results computed
in [24]. Results are shown normalised to the central value of the BGR18 calculation, and the
bands correspond to the PDF uncertainties in each case. In the CMS11 case the darker and
lighter bands correspond to two different prescriptions of estimating the PDF uncertainties.3
These results are for an isoscalar target without nuclear effects. One can observe that the
HEDIS implementation reproduces both the central values and the uncertainties of the original
BGR18 and CMS11 calculations. Notice in this plot that the BGR18 calculation has been
extended to Eν values which are below the region of recommended use (as indicated by the
filled band on plots). In this region, the uncertainty of the BGR18 calculation is that of the
DIS prediction obtained with the restriction Q ≥ 1.64 GeV, and does not include the (non-
perturbative) low-momentum exchange contribution, or those due to quasi-elastic scattering
or resonant processes. Further comments on the use of the calculation in this region are given
in Appendix B.
This comparison completes the validation of the implementation of these models within
HEDIS, which are used as a benchmark for the study of the attenuation rate throughout the
3In the darker band, one of the HERAPDF1.5 error eigenvectors has been excluded from the calculation.
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Figure 2.2. The neutrino-nucleon interaction cross section as a function of the neutrino energy
Eν for charged-current (left) and neutral-current (right plot) scattering. We compare the results of
the original (NLO) BGR18 and CMS11 calculations among them as well as with their corresponding
implementation in HEDIS. Results are shown normalised to the central value of the BGR18 calculation,
and the bands correspond to the PDF uncertainties in each case. The relative rise (≈ 10%) of
the CMS11 calculation in the low-Eν region is due to the inclusion of low-momentum contributions
(1.0 < Q2 < 1.642 GeV2) which are absent in BGR18 (see Appendix B).
paper. A quantitative comparison between the BGR18 and CMS11 models is provided in
Appendix B. In addition to this comparison, this appendix also includes a description of the
DIS model which is currently the default within HEDIS, and is our recommended model for
users.
Finally, we note that the validation of these cross sections is performed under the as-
sumption of massless leptons. Nevertheless, in this version of the software, an option to
include the impact of the final-state charged lepton mass when defining the kinematic limits
of the scattering process has been included. This correction is relevant for the inclusive ντ
CC cross section at low neutrino energies, where the this constraint leads to a suppression of
the cross section by a factor 0.87 (0.97) at 100 GeV (1 TeV). This approximation has been
shown to capture the main effects of the exact mass calculation [99].
Coherent and resonant scattering. In addition to DIS neutrino-nucleon scattering,
the updated version of HEDIS presented here includes also the contributions from the sub-
dominant processes described in Sects. 2.1.2-2.1.5. Fig. 2.3 displays the neutrino-matter cross
sections as a function of the neutrino energy Eν for ντ (left) and νe (right) scattering com-
puted using HEDIS. One can observe that the contribution from the sub-dominant processes
can be up to 10% of the DIS CC neutrino-nucleon cross section for some energies, mainly due
to the enhancement of the coherent contribution as a result of the Z2/A scaling effect.
Glashow resonance. Finally, the scattering off atomic electrons described in Sect. 2.1.5
is now also included in the HEDIS module. Fig. 2.4 displays the computed neutrino-matter
cross sections for electron anti-neutrinos, including the Glashow resonance, which dominates
at neutrino energies around Eν = 6.3 PeV, as is shown in Fig. 2.4. In HEDIS this important
process is computed at LO accuracy including the impact of leading higher-order corrections.
The bottom panel of Fig. 2.4 shows the ratio between the Glashow resonance cross sections
with and without higher-order radiative corrections, which represent up to a 50% effect.
– 12 –
5 6 7 8 9
103
104
105
106
107
/A
[1
0
38
cm
2 ]
Niso
DIS-CC
DIS-NC
DIS-Resonant
Coherent [16O]
Coherent [56Fe]
5 6 7 8 9
log10(E [GeV])
0.05
0.10
i/
D
IS
CC 5 6 7 8 9
103
104
105
106
107
/A
[1
0
38
cm
2 ]
e Niso
DIS-CC
DIS-NC
5 6 7 8 9
log10(E [GeV])
0.05
0.10
i/
D
IS
CC
Figure 2.3. Upper panels: the neutrino-matter interaction cross sections per nucleon as a function
of the neutrino energy Eν for ντ (left) and νe (right plot) computed with HEDIS. The results for the
DIS CC and NC channels were obtained using the BGR18 model, used also for Fig. 2.2. The coherent
channels are shown for two different nuclei (O and Fe) in order to illustrate the Z2/A scaling effect.
For the other channels, an isoscalar target is assumed. Bottoms panels: the ratio of the different
channels to the DIS charged-current cross sections.
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Figure 2.4. Upper panel: same as Fig. 2.3 now for electron anti-neutrino scattering. In this case
the Glashow resonance channel is also shown for the cases in which it is computed at the Born
level (“GLRES”) and when including higher-order electroweak corrections (“GLRES-Improved”). The
shaded area indicates the neutrino energy region were the Glashow resonance dominates over the
DIS cross section. Bottom panel: the ratio between the Glashow resonance cross sections with and
without higher-order radiative corrections.
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Simulation of final-state particles. Although the final-state particles play a secondary
role to study in the neutrino propagation through the Earth, it is worth mentioning how
HEDIS simulates them. For DIS neutrino-nucleon interactions, the kinematics of the outgoing
lepton are derived from the differential cross section and the hadronisation is performed using
PYTHIA6 as described in [34]. Similarly, for the scattering upon atomic electrons (and the
diffractive scattering) the differential information allow us to extract all the kinematics of
the final state particles (except when the W -boson decays into hadrons, in which PYTHIA6 is
used). Finally, in the coherent-scattering channel theW -boson is generated on-shell according
to the differential cross section and decayed afterwards using PYTHIA6.
3 Simulation framework: NuPropEarth
In this work the propagation of neutrinos through Earth matter is simulated by means of
the newly developed NuPropEarth simulation framework. NuPropEarth has the structure of
a general-purpose Monte Carlo event generator, and therefore allows following the path and
interactions of individual neutrinos as they travel through Earth on an event-by-event basis.
In this section, we present the main details of the NuPropEarth simulation framework, before
moving in the next section to a discussion of the results for the neutrino attenuation obtained
with it.
Let us start by providing an overview of the calculations that are aiming to simulate.
The left plot of Fig. 3.1 displays a schematic representation of the path through the Earth
followed by an incoming high-energy neutrino before reaching the detector. The incoming
flux scales with the neutrino energy Eν as φ0(Eν) ∝ E−γν , where γ is a parameter known
as the spectral index and whose value depends on the astrophysical process that generate
these high-energy neutrinos. Different assumptions in the data analysis can lead to different
values for γ. An analysis of the 4-year IceCube high-energy starting events determined that
γ = 2.83± 0.50 [100], which is compatible with updated work given in [101].
The main goal of the NuPropEarth framework then is to compute the value of the trans-
mission T (Eν) and attenuation Att(Eν) coefficients, defined as ratios between the incoming
neutrino flux φ0(Eν) and the flux arriving at the detector volume φ(Eν),
T (Eν) =
φ(Eν)
φ0(Eν)
, Att(Eν) = 1− T (Eν) = φ0(Eν)− φ(Eν)
φ0(Eν)
. (3.1)
The values of T (Eν) will depend in general on the nadir angle θ, the spectral index γ, the
Earth model, the neutrino-matter interaction cross sections described in Sect. 2, as well as on
other input parameters required for the calculation. Note that the dependence on the nadir
angle θ measures how much matter will such neutrinos encounter. For cos θ ' 0 (Earth-
skimming neutrinos) very little matter is encountered and thus the resulting attenuation is
small (T → 1), while for cos θ ' 1 the largest possible amount of Earth matter is traversed,
resulting in a larger attenuation (T  1). Therefore, for a given neutrino energy Eν one
expects neutrinos with larger cos θ to be attenuated more significantly.
The incoming neutrino flux as a function of Eν and θ is the starting point of the
NuPropEarth simulation. These incoming neutrinos are injected in a medium that models
the Earth matter and then propagated until they reach the location of the detector. The
output of NuPropEarth is the number and kinematics (energy, direction) of the neutrinos
that reach the detector, that can be subsequently used to e.g. model the detector response
and evaluate the expected event rates. Here we assume that the neutrino flux is isotropic,
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Figure 3.1. Left plot: schematic representation of the path through the Earth followed by an
incoming high-energy neutrino before reaching the detector. The NuPropEarth framework evaluates
the transmission coefficient T (E⌫) =  (E⌫)/ 0(E⌫) as a function of neutrino energy E⌫ , the nadir
angle ✓, the spectral index   of the incoming neutrino flux  0 / E   , the Earth model, and the
neutrino-matter interaction cross sections described in Sect. 2. Right plot: diagram of the simulation
chain used in NuPropEarth indicating which interactions take place at each stage and the associated
tools. To simplify the diagram, only the leading contribution, neutrino-nucleon DIS, is included but
the sub-leading processes are also propagated. The incoming and outgoing neutrinos are marked in
black and red, respectively.
before moving in the next section to a discussion of the results for the neutrino attenuation
obtained with it.
Let us start by providing an overview of the calculations that are aiming to simulate.
The left plot of Fig. 3.1 displays a schematic representation of the path through the Earth
followed by an incoming high-energy neutrino before reaching the detector. The incoming
flux scales with the neutrino energy E⌫ as  0(E⌫) / E  ⌫ , where   is a parameter known
as the spectral index and whose value depends on the astrophysical process that generate
these high-energy neutrinos. Different assumptions in the data analysis can lead to different
values for  . An analysis of the 4-year IceCube high-energy starting events determined that
  = 2.83± 0.50 [94].
The main goal of the NuPropEarth framework then is to compute the value of the trans-
mission T (E⌫) and attenuation Att(E⌫) coefficients, defined as ratios between the incoming
neutrino flux  0(E⌫) and the flux arriving at the detector volume  (E⌫),
T (E⌫) =
 (E⌫)
 0(E⌫)
, Att(E⌫) = 1  T (E⌫) =  0(E⌫)   (E⌫)
 0(E⌫)
. (3.1)
The values of T (E⌫) will depend in general on the nadir angle ✓, the spectral index  , the
Earth model, the neutrino-matter interaction cross sections described in Sect. 2, as well as on
other input parameters required for the calculation. Note that the dependence on the nadir
angle ✓ measures how much matter will such neutrinos encounter. For cos ✓ ' 0 (Earth-
skimming neutrinos) very little matter is encountered and thus the resulting attenuation is
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namely that the number of incoming neutrinos does not depend on the value of the nadir angle
θ. With this framework, we can thus evaluate the transmission and attenuation coefficients
for the different possible trajectories that the incident neutrinos will follow on their way to
the detector, and study its dependence on the various inputs of the calculation, such as the
modelling of the neutrino-matter interaction cross sections.
The main features of the NuPropEarth simulation chain are summarized in the right
diagram of Fig. 3.1. There we indicate which interactions take place at each stage of the
chain, and the associated tools used in their modelling. The incoming and outgoing neutrinos
are marked in black and red, respectively. This scheme illustrates the main types of physical
processes whereby the energy of the incoming neutrinos can be modified for the dominant
contribution, neutrino-nucleon DIS. First of all, neutrinos of the three flavours can lose en-
ergy via neutral current interactions. Second, electron and muon neutrinos can interact via
charged current scattering and disappear from the simulation chain, since they transform
into the corresponding charged leptons. These first two processes are simulated with GENIE
supplemented by the HEDIS module, as reviewed in Sect. 2.2. Finally, tau neutrinos can also
interact via CC scattering, but in this case the produced tau lepton will decay within the
Earth volume resulting in another tau utrino, with essential y the same propagation direc-
tion but smaller energy as compared to he original one (th ντ r generation process). The
energy losses due to lectromagnetic interactions f tau leptons are modele with TAUSIC [102]
whi its decays are computed with TAUOLA [103], as discussed i more detail below.
One of the central ingredients in the calculation of high-energy neutrino attenuation
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consists on the modelling of the Earth matter. The Preliminary Reference Earth Model
(PREM) [104] parametrises the density profile of the Earth which is assumed to be spher-
ical. The atmosphere, which has a negligible contribution for the present study, is excluded.
According to this model, the average atomic mass number A of the Earth’s matter turns out
to be around A ' 31. In general, the elements that compose the Earth are not isoscalar
(A 6= 2Z) and thus one has to account for the effects of non-isoscalarity, which are especially
relevant for neutrino energies below 1 TeV. We account for non-isoscalar effects by using the
target number density in each of the Earth’s layer and then correcting for excess of neutrons
or protons for each of the corresponding nuclei.
The two quantities that determine the probability of a neutrino interaction are the path
length (the more matter traversed, the more likely the interaction) and the total cross section.
Within NuPropEarth, both the dominant CC and NC neutrino DIS interactions as well as
the subdominant channels described in Sect. 2.1 are simulated by means of the HEDIS module
of GENIE as a function of the neutrino energy Eν and incident angle θ. More precisely, we
evaluate for each neutrino the survival probability for a given path length and energy, and
then when this path length is comparable to the distance to the detector, we simulate the
corresponding neutrino interaction, including the kinematics of the final state particles.
In the case of a NC interaction, the incoming neutrino will experience a energy degrada-
tion but it will keep propagating in essentially the same direction. The energy and scattered
angle of the outgoing neutrino following a NC scattering are computed using HEDIS as de-
scribed in Sect. 2. At high energies, the neutrino scattering angle is small, so that when
neutrinos reach the detector they still point directly to their original source.
A different approach must be adopted in the case of CC interactions. For interactions
involving either a νµ or a νe the simulation chain is stopped because the outgoing charged
lepton is a long-lived particle and therefore does not lead to any other neutrino. Instead, for
ντ scattering the outgoing τ lepton will decay within the Earth model creating a secondary
ντ . This effect, the so-called tau neutrino regeneration, is included accounting for the energy
loss experienced by the τ lepton (via ionisation, bremsstrahlung, pair production and photo-
nuclear interactions) before it decays. These energy losses are computed using the TAUSIC
program, and start being relevant at tau lepton energies above 107 GeV. In particular, at
high energies one can consider the τ produced in the DIS as fully polarised [105]. This is
taken into account to extract the kinematics of the associated decayed products by means of
the TAUOLA software. In addition to tau neutrinos, we also account for the secondary νµ and
νe neutrinos produced from the τ decay and that contribute to the corresponding fluxes. Note
that for some values of the spectral index γ, the tau regeneration process might lead to an
enhancement (rather than a suppression) of the neutrino flux, that is, T (E) ≥ 1, explained
by the fact the high-energy τ neutrinos are effectively converted into lower energy neutrinos
of the three species.
We note that the same considerations apply both for the dominant DIS component of the
total interaction cross section as well to the subleading contributions listed in Sect. 2.1. Hence,
whenever a neutrino or tau-lepton is produced as a final state particle, it is then propagated
further using the same simulation approach in the previous paragraphs. In this respect, given
the structure of the NuPropEarth simulation framework, all interaction processes can be
treated in exactly the same way, and their output is always the flavour, energy, and direction
of the produced neutrino or charged lepton which are then used for the next step of the
simulation chain.
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4 Results
In this section we present the main results of this work, namely the calculation of the trans-
mission and attenuation coefficients defined Eq. (3.1) for the high-energy neutrino flux by
means of the Monte Carlo simulation chain provided by the NuPropEarth framework. Unless
otherwise stated, here we will assume that the energy scaling of the incoming neutrino flux
is φ0(E0) ∝ E−γ0 with an spectral index of γ = 2 and a cut-off at E0 = 1010 GeV. Then in
Appendix A we will present results for other values of the flux spectral index γ.
First of all, we will present our baseline results for the transmission coefficient T (Eν),
based on the BGR18 setup of the DIS neutrino-nucleon cross section calculation, and with
the subleading interaction channels neglected. Nuclear corrections are ignored in this section,
and they will be quantified separately in Sect. 5. Next, we assess the impact of different
cross-section models and their associated uncertainties, by comparing results based on the
BGR18 and CMS11 calculations. After that, we compare our results with the predictions
obtained from other publicly available frameworks to model high-energy neutrino propagation
in matter, in particular with the NuFate, NuTauSim and TauRunner codes. Finally, we quantify
how the transmission coefficients vary as a function of Eν when the DIS cross sections are
supplemented by the subleading interaction processes described in Sect. 2.
4.1 Baseline results
To begin, we present the predictions for the transmission coefficient T (Eν) obtained with
NuPropEarth using the baseline theory settings, namely those from the BGR18 calculation
for the neutrino-nucleon DIS cross-section model. As mentioned above, these results do not
include the contribution from the subleading interaction mechanisms or the impact of nuclear
corrections which will instead be discussed in in Sect. 4.4 and Sect. 5 respectively.
Our calculation of T (Eν) is provided with an estimate of the dominant theory uncertainty
associated to the cross-section interaction model, namely the proton PDF uncertainties. This
uncertainty propagation is carried out without introducing any approximation, by redoing
the full simulation chain for each of the members in the PDF set, and then evaluating the
corresponding PDF uncertainty using the prescription associated for each PDF set. For the
case of the BGR18 calculation, based on a Monte Carlo set of NNPDF3.1sx [66] reweighted
with LHCb D-meson data [24], the PDF uncertainty is defined as the standard deviation
of the distribution composed by the Nrep = 60 (unweighted) replicas of this set—see for
example [106]. It is worth emphasizing that fully accounting for the PDF uncertainties both
in total rates and in differential distributions has not been considered by previous studies and
is presented for the first time in this work.
In addition to the predictions based on the full simulation chain summarised in the right
panel of Fig. 3.1, in this section we will also present results for the scenario in which the
simulation of the propagating neutrinos is stopped just after the first neutrino interaction,
either NC and CC, takes place. In other words, in such a case one assumes that the neut-
rinos are completely absorbed by the Earth matter after their very first interaction. This
scenario is denoted as the “full absorption case”, and there the neutrino survival probability
is exponentially suppressed. In the full absorption limit the propagation equations reduce to
the simple expression
dφ(Eν , z)
dz
= −σtot(Eν)φ(Eν , z) → φ(Eν) = φ0(Eν)× exp(−NAσtot(Eν)pL) , (4.1)
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where z is the target column density, which depends on the zenith angle θ, and is defined as
the integral along the propagation direction of the Earth density profile ρE(r),
z(θ) = NA
∫
ρE(r(z, θ))dz = NApL , (4.2)
with pL being the path length traversed by the neutrino until its first iteration and σtot(Eν)
the total cross section (NC+CC) at a given neutrino energy Eν . The motivation to present
results for the attenuation calculation in the full absorption case is that in this way one can
disentangle the effects of both NC energy degradation and CC tau regeneration from those
of the full-absorption cross section.
In the upper panels of Fig. 4.1 we display the transmission coefficient T (Eν) computed
with NuPropEarth using the BGR18 setup for the cross sections as a function of the neutrino
energy Eν for both muon and tau neutrinos. The width of the bands in the plots indicates
the free-nucleon PDF uncertainties propagated from the BGR18 calculation. In the following,
we do not show the explicit results for electron neutrinos νe, as these coincide with those of
νµ. The only differences would arise for the scattering of electron anti-neutrinos ν¯e near
the Glashow resonance, where the corresponding attenuation becomes more significant in
the localized region around Eν = 6.3 PeV (see also Fig. 2.4). The role that scattering on
atomic electrons plays in the predictions for the transmission coefficient T (Eν) of electron
anti-neutrinos is discussed in Sect. 4.4.
In the comparisons of Fig. 4.1, the predictions for T are shown for two different incident
angles, cos θ = 0.1 and cos θ = 0.9, and we assume the spectral index is fixed to γ = 2.
Predictions for the attenuation rates for other values of γ are reported in Appendix A. Note
that the energy ranges (x axes) are different in the two cases, to reflect the fact that, depending
in the incident angle θ, matter effects distort the incoming flux in different ways. For example,
in the case where cos θ = 0.1 one has that T = 0.9 for muon neutrinos at Eν ' 106 GeV,
while for cos θ = 0.9, where neutrinos traverse a much larger amount of Earth matter, the
same level of attenuation is achieved at rather lower energies, around Eν ' 104 GeV.
In Fig. 4.1 we also display the value of the transmission coefficient T for the full absorp-
tion case Eq. (4.1) (green lines) using the central BGR18 cross section without PDF uncer-
tainties. In the bottom panels of Fig. 4.1 we show the ratios of the transmission coefficients to
the full absorption case, T/Texp. Note that in this full absorption limit the predictions for the
attenuation rates coincide for both νµ and ντ , given that in such scenario the tau regeneration
process is absent. As one can see from this comparison, the attenuation is always the largest
in the full absorption case. The reason is that the two mechanisms that are excluded in this
limit, namely the ντ regeneration in CC scattering and the energy degradation in NC scatter-
ing, both lead to a less marked decrease or even to an increase of the value of the transmission
coefficient T as compared to the full absorption limit. Therefore, evaluating separately the
full absorption case allows gauging the relative impact that these two mechanisms have in
the total neutrino attenuation rates.
The central value of the theory prediction 〈T 〉 (represented with dashed lines within the
bands) is obtained as the mean over the replica sample,
〈T (Eν)〉 = 1
Nrep
Nrep∑
k=1
T (k)(Eν) . (4.3)
The PDF uncertainties turn out to be at the few percent level for most of the relevant
energy range, and become only significant at the highest energies. For instance, for cos θ =
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Figure 4.1. Upper panels: the transmission coefficient, T = φ/φ0 as a function of the neutrino
energy Eν for muon νµ (red filled band) and tau ντ (blue empty band) neutrinos, as predicted by
NuPropEarth with the BGR18 cross section setup. Results are shown for two different incident angles,
cos θ = 0.1 (left) and cos θ = 0.9 (right), note that the energy ranges are different in the two cases. The
width of the νµ and ντ bands is dictated by the PDF uncertainties in the BGR18 calculation. We also
show the value of T for the full absorption case Eq. (4.1) for the central BGR18 cross section (green
lines), which coincides for both νµ and ντ . Bottom panels: the ratio of the transmission coefficients
to the full absorption case, T/Texp.
0.9 (0.1) the PDF uncertainties in T reach around 25% only for Eν & 1010(107) GeV. We
therefore find that PDF uncertainties in the NuPropEarth calculation of the attenuation rates
are reasonably small except for the highest energies. We want to emphasize that this result
is not a general feature of the attenuation calculation, but rather a direct consequence of
using the BGR18 cross sections, based on PDFs well constrained in the small-x region from
the LHCb charm production data. Indeed, if a different PDF set would have been used for
the cross-section calculation, such as CT18 [107] or MMHT14 [108], the PDF uncertainties
affecting the attenuation rates would be much higher than those displayed in the bottom
panels of Fig. 4.1.
We would also like to mention in this respect that the PDF uncertainties in the trans-
mission coefficient T arising from the DIS cross-section calculation can be estimated at first
order using the full absorption limit, Eq. (4.1). In this case, linear error propagation indicates
that the uncertainties in T relate to those of the cross section via
δT = δ
(
φ
φ0
)
= δ (exp(−NAσpL)) = T (NApL) δσ , → δT
T
(Eν) ∝ δσ(Eν) , (4.4)
and therefore the relative uncertainties on the transmission coefficient T should be propor-
tional to the uncertainties on the neutrino-nucleon DIS cross section. This result explains
why the patterns for the PDF uncertainties reported in the lower panels of Fig. 4.1 follow
those of the cross sections reported Fig. 2.2. This derivation also indicates that the role of
other variations of the input settings of the calculation, such as the choice of spectral index
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γ or the incident angle θ, is of second order in what concerns the PDF uncertainties affecting
the transmission coefficient T .
4.2 Dependence on the DIS cross-section model
As mentioned before, several calculations of the high-energy neutrino-nucleon DIS cross sec-
tions have been reported in the literature. These calculations have been performed either
in the collinear DGLAP framework or within alternative approaches such as accounting for
non-linear corrections to the QCD evolution equations. In each case, the underlying theoret-
ical inputs, both those of non-perturbative (such as the choice of PDF set) and perturbative
(such as the treatment of heavy quark mass effects) nature will be in general different. The
origin of the resulting differences at the cross-section level between some of these calculations
was investigated and discussed in [24].
Within the NuPropEarth framework, as explained in Sect. 2, it is possible to choose
between different cross-section models as well as varying the input PDF set to be used in the
calculation (including also nuclear PDF sets).4 Here we would like to compare the baseline
NuPropEarth predictions for the neutrino flux attenuation induced by Earth matter, based on
the BGR18 calculation, with those obtained if one adopts instead the CMS11 cross-section
model [23] instead. The motivation for this choice is that CMS11 is one of the default models
used by the IceCube collaboration in their modelling of neutrino interaction and to compare
with their cross-section measurements, see e.g. [13]. Note that other cross-section models
can be easily implemented in HEDIS, either by varying the input PDF set or by providing a
parametrisation of the DIS structure functions.
In Fig. 4.2 we display a similar comparison such as the one in Fig. 4.1, now with the
NuPropEarth predictions for the transmission coefficient T corresponding to the two different
neutrino-nucleon DIS cross-section models, the baseline BGR18 and CMS11. Here we show
the results for both the νµ and ντ attenuation rates and as before we show the outcome of
the calculation for two values of the incident angle, cos θ = 0.1 and 0.9. In each of the four
plots, the bottom panels display the ratio of T to the central value of the BGR18 calculation,
with the corresponding relative PDF uncertainties associated to each cross-section model.
From the comparisons in Fig. 4.2 one can observe that, while at low and intermediate
neutrino energies the two calculations coincide, they exhibit clear differences at higher en-
ergies. In particular, we find that the CMS11 cross-section model predicts a more marked
attenuation (reduced value of the transmission coefficient T ) than the baseline BGR18 cal-
culation for high neutrino energies. For example, in the the νµ case, the prediction for T
based on the CMS11 model is suppressed by around 25% for Eν = 109 (106) GeV and for an
incident angle of cos θ = 0.1 (0.9) as compared to the BGR18 calculation. Furthermore, one
can also observe from this comparison that for a wide range of energies the two calculations do
not agree within the corresponding PDF uncertainties. The disagreement shown in Fig. 4.2
between the predictions of the two models can be traced back to the corresponding differences
at the cross-section level reported for Fig. 2.2 and described in detail in Appendix B.
We note that in the comparisons presented in Fig. 4.2 the PDF uncertainties has been
evaluated following the corresponding prescription from each group. In the case of the BGR18
model we use the Monte Carlo replica prescription, while the CMS11 calculation is based on
the Hessian method supplemented by additional eigenvectors to account for the model and
parametrisation uncertainties. In the region of relevance for this study, the PDF uncertainties
4 Some details about how to vary the input theory settings are provided in Appendix C.
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Figure 4.2. Same as Fig. 4.1, now comparing the NuPropEarth predictions for the transmission
coefficient T for two different neutrino-nucleon DIS cross-section models, the baseline BGR18 (filled
band) and CMS11 (empty band). The results for the νµ (ντ ) attenuation rates are displayed in the
upper (lower) plots. In each of the four plots, the bottom panels display the ratio of T to the central
value of the BGR18 calculation, with the PDF uncertainties associated to each cross-section model.
in the two models turn out to be in general rather similar, with differences only significant
at the highest energies where the BGR18 calculation becomes more precise (a result of PDF
constraints from the inclusion of LHCb D-meson data).
4.3 Comparison with nuFATE, NuTauSim and TauRunner
In this section we compare the predictions of the neutrino flux transmission coefficient T (Eν)
obtained from the NuPropEarth simulations with those provided by three other software
packages: nuFATE, NuTauSim and TauRunner.
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Comparison with nuFATE. A drawbacks of quantifying the effects of the Earth on a par-
ticular neutrino flux using a Monte Carlo approach such as NuPropEarth is the large compu-
tational cost. The transmission coefficient T can also be evaluated by solving the coupled cas-
cade equations that describe the attenuation of neutrinos as they propagate through the Earth
by means of linear algebra methods. One implementation of such a strategy is provided by
the nuFATE [40] framework. We compare the predictions from NuPropEarth with the baseline
(BGR18) settings with those provided by the nuFATE program. For a consistent comparison,
the same model for the neutrino-nucleon cross section is used, namely the BGR18 calculation,
so that differences are attributed to the methodologies adopted rather the DIS interaction
model. In Fig. 4.3 the transmission coefficients T are compared between the NuPropEarth
and nuFATE calculations. The uncertainties stemming from the PDF uncertainties are only
shown for NuPropEarth. In the bottom panel of Fig. 4.3 we display these same calculation as
ratios to the central value of the NuPropEarth prediction.
We note that the comparisons presented in Fig. 4.3 have been carried out by neglecting
the tau energy losses in the NuPropEarth calculation. The reason for this choice is to ensure
a consistent comparison with the results of the nuFATE framework, which currently does not
account for the effects of tau energy losses. Neglecting tau lepton energy losses does not
modify significantly the modelling of tau regeneration effects when the amount of mater
traversed is large, cos θ → 1. However, for Earth-skimming neutrinos for which cos θ → 0
the tau energy loss effects do change appreciably the shape of the neutrino flux that reaches
the detector, as further discussed in Sect. 4.3, and therefore it is important to take them into
account for a complete calculation of the attenuation rates.
From Fig. 4.3 one observes that the nuFATE calculation underestimates the results from
NuPropEarth by an amount that varies between a few percent and 35% depending on the
specific value of the neutrino energy. These discrepancies can be partly explained by the fact
that the approach adopted in the nuFATE framework to solve the cascade equations is only
exact when the neutrino energy interpolation nodes Eν,i are very close among them, that is,
in the limit (Eν,i+1 − Eν,i)→ 0. In the baseline settings of [40] around 200 nodes in Eν were
used to solve the cascade equations. We have verified that if we increase the number of nodes
up to 2000, a factor 10 larger than in the baseline nuFATE settings, we are able to improve
the agreement with the NuPropEarth in the full simulation case.
Comparison with NuTauSim and TauRunner. The growing interest in the detection of τ -
induced air showers with either surface or altitude detectors has lead to the development
of novel tools for the modelling of such events. Here we consider as representative ex-
amples of simulation tools for the description of τ -induced air showers the NuTauSim [41]
and TauRunner [42] packages. Both frameworks propagate tau neutrinos in matter including
regeneration effects and the energy loss of tau leptons due to electromagnetic interactions.
The latter can take place via ionisation, bremsstrahlung, pair production and photo-nuclear
interactions.
In this section we aim to compare the results from the NuPropEarth baseline calcula-
tion for the transmission coefficients of tau neutrinos with those provided by NuTauSim and
TauRunner. In order to disentangle the different contributions to the regeneration effects, the
simulations have been carried out with and without accounting for tau energy loss.
In general, the computational overhead required in NuTauSim will be smaller than that
of TauRunner and NuPropEarth, being the latest the largest. The main reason for this is that
NuTauSim and TauRunner adopt tabulated results for most of the physical processes that are
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Figure 4.3. Same as Fig. 4.2, now comparing the transmission coefficients T between the
NuPropEarth (red band) and nuFATE (blue lines) calculations. In both cases, we use the BGR18 setup
for the cross-section model, with PDF uncertainties only displayed for the NuPropEarth case. In the
bottom panel we show these same calculation now as ratios to the central value of the NuPropEarth
prediction.
required to model the neutrino interactions and the tau decay. In addition, the propagation of
tau leptons differs between the three framework. NuTauSim uses a one-dimensional approach,
hence it does not account for deflections but only energy losses. NuPropEarth and TauRunner
use dedicated packages to propagate these particles, TAUSIC [102] and MMC [109] respectively.
In Fig 4.4 we display a similar comparison to that of Fig. 4.2, now restricted to the case
of tau neutrinos, showing the predictions of NuPropEarth, NuTauSim and TauRunner for two
incident angles cos θ = 0.1 and cos θ = 0.01. Note that as opposed to previous plots, here the
range of energies is the same for the two incident angles. The choice of values of the incident
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Figure 4.4. Same as Fig. 4.1, now comparing the NuPropEarth predictions (using two DIS models:
BGR, red bands, and CMS, dashed blue lines) with NuTauSim (orange lines) and TauRunner (light
blue lines) calculations for the tau neutrino ντ transmission coefficient T. The legend includes the DIS
cross-section model used in each calculation. All the predictions do not account for tau energy losses.
Results are shown for two different incident angles, cos θ = 0.01 (left) and cos θ = 0.1 (right). The
bottom panels display the ratio of T to the central value of the baseline calculation, NuPropEarth-
BGR.
angles cos θ is motivated by their relevance to τ -induced shower detection, which is associated
to Earth-skimming neutrinos. The results for the full simulations are provided without tau
energy losses and using different DIS cross-section models, including the corresponding PDF
uncertainties for our baseline model.
From the comparisons in Fig. 4.4, one can observe that for both cos θ = 0.01 and cos θ =
0.1 all the predictions are similar but they exhibit a more intense attenuation than in our
baseline calculation. The reason for this behaviour can be traced back to the different cross-
section models adopted in each case, given that NuTauSim and TauRunner use the CTW11 [22]
(based on the MSTW08 set of PDFs [110]) and CMS11 calculations respectively. Both models
predict a higher cross section for an amount between 10% and 20% as compared to the BGR18
calculation [24].
The prediction of NuPropEarth using the CSM11 model is good agreement with NuTauSim
and TauRunner. The remaining discrepancy is due to the different methods used to calculate
the kinematics of the outgoing leptons in the DIS interaction and the tau decay. Firstly,
to model the inelasticity distribution of the outgoing lepton, NuTauSim uses not the CTW11
calculation but rather tabulated results of the differential cross section extracted using the
obsolete PDF set CTEQ5 [111]. One important advantage in this respect of NuPropEarth and
TauRunner frameworks is that they use a consistent model for both the total and differential
cross sections everywhere in the simulation chain. Secondly, NuPropEarth uses TAUOLA to
simulate tau decays and extract the kinematics of the decay products, whereas TauRunner
uses a parametrization based on [112] and NuTauSim includes tabulated results extracted using
TAUOLA.
Finally, as we have mentioned before, the effect of the tau energy loss in the ντ regen-
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Figure 4.5. Same as Fig. 4.4, now including tau energy losses in the calculations. The legend includes
the DIS cross-section and the tau energy loss models used in each calculation. The bottom panels
display the ratio of T to the central value of the baseline calculation, NuPropEarth-BGR (ALLM).
eration is important for Earth-skimming neutrinos. These losses become relevant when the
tau energy is above 1 PeV, where photo-nuclear processes are dominant. In NuPropEarth,
the energy losses are computed using TAUSIC, which includes two different models to compute
the photo-nuclear cross sections (ALLM [113] and BS [114]). The ALLM model can be also
used in NuTauSim and TauRunner, but the latest includes a modification to use the CSM11
structure functions. The comparisons in Fig. 4.5 include the ντ transmission coefficient taking
into account the tau energy loss.
In the three frameworks, one observes that the transmission coefficient T becomes smaller
at energies above 107 GeV when the energy loss is included, enhancing the transmission
coefficient for smaller energies. Similarly to Fig. 4.4, the differences in the cross section
models remains as the main source of discrepancy between the baseline and other predictions.
Also, the predictions of NuPropEarth using the CSM11 model, NuTauSim and TauRunner show
good agreement, although the reduction of the transmission coefficient is slightly higher in
NuPropEarth. This is observed with both ALLM and BS models, which show very similar
predictions.
We can conclude that the agreement of the three frameworks is acceptable considering
the different approaches that they use. The main source of discrepancy between them at
energies below 10 EeV is the DIS cross section model, while effects such as tau energy losses
and decay are subdominant. At energies above 10 EeV, which are relevant for proposed
experiments like ARIANNA or GRAND, tau energy losses will become more relevant. Hence,
in the future, it will be crucial to quantify with these frameworks the impact of different tau
propagation models in the transmission coefficient.
4.4 Impact of the sub-dominant interaction processes
Up to this point, our predictions for the transmission coefficients T evaluated with NuPropEarth
have included only the dominant neutrino-matter interaction mechanisms: charged- and
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Figure 4.6. The transmission coefficient T (Eν) for νµ (blue lines) and νe (red lines) and for cos θ = 0.1
(left) and cos θ = 0.5 (right plots) computed with NuPropEarth when different contributions to the
total the neutrino-matter interaction cross section are taken into account. We compare the results
obtained when only the DIS NC and CC cross sections are accounted for (“only DIS”) with those
where DIS is supplemented with the subleading interaction mechanisms (“all”). The bottom panels
display the ratio T/TDIS between the transmission coefficient evaluated with all interaction processes
and with only the DIS cross sections.
neutral-current deep inelastic scattering. Now we assess the impact on the attenuation rates
of the subleading interaction processes discussed in Sect. 2.1. For the dominant DIS contri-
butions, we will adopt our baseline settings, based on the BGR18 calculation displayed in
Fig. 4.1. We will begin by quantifying the impact of these subleading interaction processes
for muon and electron neutrinos, and then move to discuss the case of electron anti-neutrinos,
where the impact of the Glashow resonance will be present.
In Fig. 4.6 we display the transmission coefficient T (Eν) for muon and electron neutrinos
for incident angles of cos θ = 0.1 and cos θ = 0.5 computed with NuPropEarth for different
assumptions on the neutrino-matter interaction cross sections. Note that the energy range
is different for each value of cos θ. We compare the results obtained with the dominant DIS
cross sections (same as those presented in Fig. 4.1) with the corresponding predictions where
DIS is supplemented with the subleading interaction mechanisms. The bottom panels then
display the ratio T/TDIS between the transmission coefficient evaluated with all interaction
processes and with only the DIS cross sections.
From the results of Fig. 4.6, one can observe that the impact of the subleading interaction
mechanisms is more marked for high neutrino energies. Their net effect is a suppression of
the transmission coefficient T , given that the subleading channels lead to an enhancement of
the total interaction cross section as indicated in Fig. 2.3. This suppression can be as large as
10% (15%) in the case of cos θ = 0.1 (0.5) for neutrino energies of Eν ' 1010 (107) GeV. We
also find that the effects of the subleading channels are very similar for electron and muon
neutrinos, as expected since the interaction mechanisms in Sect. 2.1 depend only mildly on
the neutrino flavor. We can conclude that accounting for the contribution of the subleading
interaction mechanisms is important for a precision calculation of the neutrino attenuation
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Figure 4.7. The transmission coefficient T (Eν) for electron anti-neutrinos ν¯e for cos θ = 0.1 computed
with NuPropEarth with all subleading interaction channels taken into account. The range of neutrino
energy has been restricted to the vicinity of the Glashow resonance at Eν ' 6.3 PeV. Results are
shown for the cases in which the Glashow resonance cross section is computed at the Born level
(“GLRES”) and when including higher-order electroweak corrections (“GLRES-Improved”). The grey
region indicates the range of energies for which the transmission coefficient is smaller than T < 10−4.
The bottom panel displays the ratio of the NuPropEarth calculations to the central value of the
“GLRES” curve.
rates, in particular to study the high-energy tail of the astrophysical neutrino flux.
Then in Fig. 4.7 we display the transmission coefficient T (Eν) for electron anti-neutrinos
ν¯e for cos θ = 0.1 computed with NuPropEarth with all subleading interaction channels taken
into account. The range of neutrino energies has been restricted to the vicinity of the Glashow
resonance at Eν ' 6.3 PeV. We recall from Fig. 2.4 that in the vicinity of the Glashow
resonance the cross section becomes very large, with neutrino scattering on atomic electrons
dominating over the DIS component by two orders of magnitude. Results are shown for the
cases in which the Glashow resonance cross section is computed at LO (“GLRES”) and when
higher-order corrections have been included (“GLRES-Improved”). The bottom panel displays
the ratio of the NuPropEarth calculations to the central value of the “GLRES” curve.
As expected, the impact of the Glashow resonance is negligible except in the vicinity of
Eν ' 6.3 PeV, where it dominates over all other the components of the cross section leading to
a vanishing transmission coefficient. We also observe how the higher-order corrections to the
Glashow resonance scattering are visible in the predictions for T (Eν) around the resonance,
region. However, we also note that this is a rather localised effect, and for neutrino energies
outside the resonance region this interaction mechanism can be neglected.
5 Nuclear PDF effects in the attenuation rates
The cross sections for neutrino-matter interactions, as discussed in Sect. 2, are dominated by
charged- and neutral-current deep-inelastic scattering off nucleons bound within the nuclei
of the atoms that compose Earth matter. The results for the attenuation rates presented in
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Figure 5.1. The gluon (left) and quark singlet (right) in two variants of the NNPDF3.1sx NLO
fit with and without the LHCb D meson production measurements included. Results are shown at
Q = 80 GeV and normalised to the central value of the NNPDF3.1sx baseline.
Sect. 4 are based on DIS cross sections that assume that the PDFs of these bound nucleons
can be identified with those of their free-nucleon counterparts. However, it is well known that
the quark and gluon PDFs of bound nucleons in heavy nuclei are modified as compared to
the free-proton case — see [19] for a recent review. In this section, we study how the results
for the high-energy neutrino attenuation in matter are modified in the presence of nuclear
modifications of the partonic structure of nucleons. As we will demonstrate, the limited
experimental constraints available on small-x nuclear PDFs implies that these represent now
the dominant source of theoretical uncertainties in the calculation of the attenuation rates.
5.1 Nuclear parton distributions at small-x
The DIS interactions between high-energy neutrinos and Earth matter probe the proton
PDFs for momentum fractions x and virtualities Q2 in regions outside those constrained by
the lepton-proton scattering data from HERA [115]. For instance, a neutrino with energy
Eν = 10
9 GeV is sensitive to partonic momentum fractions in the region of x ' 10−7 and
Q2 ' m2W. While the low-x HERA data (x ' 3 × 10−5 at small Q2-values) provide some
relevant information through correlations introduced as part of the DGLAP evolution of these
PDFs, these constraints are mild. The situation is far worse for lepton-nucleus scattering,
where available constraints are restricted to x & 10−3.
In order to constrain the proton PDFs in this small-x region, one can exploit the in-
formation provided by D-meson production from LHCb [36, 37, 116–118]. To illustrate the
relevance of the LHCb charm data to constrain the small-x proton PDFs, Fig. 5.1 compares
the gluon and the total quark singlet (Σ =
∑
q (fq + fq¯)) in two variants of the NNPDF3.1sx
NLO fit with and without including the LHCb D-meson measurements. As can be seen, for
x ' 10−7 the PDF uncertainties are reduced by up to a factor five thanks to the constraints
from the LHCb data. In this plot, the similarities between Σ and g arise since the latter
drives the evolution of the former via the DGLAP equations in the small-x limit [119].
Given the limited amount of experimental information available, the PDFs of bound
nucleons, known as nuclear PDFs (nPDFs), exhibit rather larger uncertainties as compared
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Figure 5.2. The nuclear ratio RΣ, Eq. (5.1), evaluated for the singlet quark nPDF at Q = 100 GeV.
Left: comparison of two variants of the nNNPDF1.0 fit, one using NNPDF3.1 and the other
NNPDF3.1+LHCb as the proton boundary conditions. Right: comparison of RΣ between A = 27
and 33 for the fits based on NNPDF3.1+LHCb as boundary condition. The bands indicate the 68%
confidence level uncertainties.
to their free-proton counterparts. Nuclear PDFs can be parametrised as
f (N)a (x,Q
2, A) = Ra(x,Q
2, A)×
(
Z
A
f (p)a (x,Q
2) +
(
1− Z
A
)
f (n)a (x,Q
2)
)
, (5.1)
where {f (p)a } and {f (n)a } represent the free proton and neutron PDFs, Z and A are the atomic
and mass number of the target nucleus, a is a flavour index that runs over all active quarks
and the gluon, and nuclear effects are encoded in the modification factors Ra(x,Q2, A). Up
to now, most studies of neutrino-matter interactions have assumed that nuclear effects are
negligible, that is, that Ra ' 1 represents a good approximation.5
Nuclear PDFs can be either extracted from experimental data by means of global fits [39,
70, 121, 122] in the same manner as in the proton case, or described with phenomenological
models as in [123]. To illustrate the typical nuclear PDF uncertainties, in the left plot
of Fig. 5.2 we compare RΣ for A = 27 between two variants of the nNNPDF1.0 fit [39],
one using NNPDF3.1 and the other NNPDF3.1+LHCb as the proton boundary conditions.
In both cases, uncertainties reach up to 50% in the small-x region. In the right plot, we
compare RΣ between A = 27 and A = 33, which bracket the average mass number of Earth
matter provided by the composition model used here. This comparison demonstrates that
the dependence of RΣ with A is mild for this range of atomic numbers.
It was already noted in [24, 31] that nPDF uncertainties represent one of the dominant
theory uncertainties for high-energy neutrino-nucleus cross sections. It is thus important to
quantify how nuclear PDFs modify the NuPropEarth predictions for the neutrino flux attenu-
ation presented in Sect. 4. In this work, we will estimate these effects by means of the recent
nNNPDF2.0 determination [124], which combines NC and CC lepton-nucleus DIS structure
functions with the constraints from W and Z production data in proton-lead collisions at the
LHC. Further, in nNNPDF2.0 the positivity of cross-sections in lepton-nucleus and nucleus-
nucleus scattering is enforced. Fig. 5.3 displays the comparison between the nNNPDF1.0 and
5Nuclear effects in high-energy neutrino interactions have been recently studied in [120].
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Figure 5.3. Comparison between the nNNPDF1.0 and nNNPDF2.0 predictions for the nuclear
modification ratios Rf of the gluon (left) and quark singlet (right) nPDFs for Q = 100 GeV and
A = 31. The bands indicate the 68% confidence level uncertainties.
nNNPDF2.0 predictions for the nuclear modification ratios Rf of the gluon and quark singlet
for Q = 100 GeV and A = 31. One observes a marked reduction of PDF uncertainties in
nNNPDF2.0, justifying our choice of baseline nPDF for the NuPropEarth calculations.
In the same way as in the proton case, it has been shown that D-meson production
in proton-lead collisions from LHCb [125] can be used to constrain nPDFs down to x '
10−6 [126–128]. However, these studies are based on proton PDF baseline sets that do not
include the corresponding LHCb charm data from proton-proton collisions, and thus do not
treat consistently the small-x PDFs in the A = 1 and A = 208 cases. Ideally, one would need
a combined proton and nuclear PDF analysis with a consistent interpretation of D-meson
production from both pp and pPb collisions. More towards the future, several proposed
experiments (or extensions to current experiments) could provide constraints on nuclear PDFs
in the small-x region. One example is the Forward Calorimeter (FoCal) extension of the
ALICE detector, where small-x PDFs can be accessed via direct photon production at low
pT and forward rapidities [129, 130]. Such an extension would be highly valuable for data
collection in future pA runs, as well as in Oxygen collisions which is foreseen [131]. On that
note, recent studies of jet production in this environment [132] have demonstrated such data
will also be relevant for understanding energy-loss and nuclear modification effects. Structure
function measurements at proposed lepton-nucleus colliders, such as the Electron Ion Collider
(EIC) [133] and the Large Hadron electron Collider (LHeC) [134], would provide powerful
constraints on nPDFs in the small-x regime.
5.2 Impact on the attenuation rates
Following this discussion on nuclear PDFs at small-x, we now move to assess their impact
on the neutrino attenuation rates as compared to the results based on the free-proton PDFs
presented in Sect. 4. In this work, the double-differential DIS neutrino cross sections for
bound nucleons within a nuclei N with mass number A are related to the free-proton BGR18
cross sections by means of the following prescription
d2σνN (x,Q,A)
dx dy
=
d2σνp(x,Q)
dx dy
∣∣∣∣∣
BGR18
×Rσ(x,Q,A) , (5.2)
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Figure 5.4. The CC (left) and NC (right) neutrino-nucleus DIS cross sections with their correspond-
ing (n)PDF uncertainties as a function of Eν , computed with HEDIS. We compare the BGR18 predic-
tions without and with nPDF effects, the latter evaluated according to Eq. (5.2) with nNNPDF2.0,
as ratios to the central value of the free-proton calculation.
in terms of a cross-section nuclear modification factor defined as
Rσ(x,Q,A) ≡
(
d2σνN (x,Q,A)
dx dy
/
d2σνN (x,Q,A = 1)
dx dy
)∣∣∣∣∣
nNNPDF2.0
, (5.3)
that is, as the ratio of the double-differential CC or NC DIS cross sections (per nucleon) for a
target with atomic number A to those of an isoscalar A = 1 target. This nuclear ratio Rσ is
evaluated using the nNNPDF2.0 set and represents the cross section equivalent to the nPDF
ratios displayed in Fig. 5.3. When calculating Eq. (5.2), we compute the nPDF uncertainties
from the standard deviation over the N˜rep = 400 Monte Carlo replicas of nNNPDF2.0. For
the rest of the section, when presenting the calculations with nuclear effects, we neglect the
sub-dominant proton PDF errors.
Fig. 5.4 displays the HEDIS calculation of the charged- and neutral-current neutrino-
nucleon DIS cross sections with the corresponding one-sigma (n)PDF uncertainties. We adopt
A = 31 as a representative atomic mass number for the elements that compose Earth matter.
We compare the results of the BGR18 free-nucleon cross sections with those with the same
calculation extended by the nNNPDF2.0 nuclear effects using the prescription of Eq. (5.2),
normalised in both cases to the central prediction of the free-proton case. The uncertainty
band of the “BGR” (“nBGR”) calculation has been obtained from the standard deviation over
the Nrep = 60 (N˜rep = 400) replicas of the NNPDF3.1+LHCb (nNNPDF2.0) set.
From this comparison, one can observe that, on the one hand, for neutrino energies
Eν . 104 GeV the two calculations turn out to be rather similar, implying that nuclear
effects can be neglected in this kinematic region. On the other hand, for Eν & 104 GeV,
we observe two main differences common to the CC and NC cross sections. First of all, a
suppression of the central value, which follows from the nuclear shadowing (suppression of
the small-x quark and gluon PDFs) displayed by nPDFs. This cross-section suppression can
be as large as 8% for Eν = 108 GeV. Secondly, an increase in the uncertainty band, from
a few percent in BGR18 to up to 15% once nuclear effects are taken into account. Such a
increase is a direct consequence of the large nPDF uncertainties that affect the small-x region
due to the limited constraints, as illustrated in Fig. 5.3. We note that results for the nuclear
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Figure 5.5. The transmission coefficients T (Eν) for νµ (upper) and ντ (lower plots) obtained with
NuPropEarth using the BGR18 DIS cross sections without and with nPDF effects, the latter evaluated
according to Eq. (5.2), together with the corresponding PDF uncertainties in each case. The bottom
panel displays the same results normalised to the central value of the BGR18 free-nucleon calculation.
modifications in neutrino-nucleon cross-section computed with the EPPS16 nPDF set [70]
have been provided and tabulated in [24, 31]. These latter results have smaller uncertainties,
and are consistent with the nNNPDF2.0 results presented here.
Thanks to the prescription in Eq. (5.2), we can quantify how the NuPropEarth predictions
for the neutrino attenuation rates are modified once these nuclear PDF effects are taken into
account. In Fig. 5.5 we display the transmission coefficients T for muon and tau neutrinos
obtained with NuPropEarth for two values of the incidence angle cos θ (note that the Eν range
is different in the left and right plots). We compare the predictions obtained by using the
BGR18 DIS cross sections without and with nuclear effects, the latter evaluated according to
– 32 –
Eq. (5.2). We also display the corresponding (n)PDF uncertainties in each case, evaluated in
the same way as in Fig. 5.4. The bottom panel displays the same results normalised to the
central value of the BGR18 free-nucleon calculation.
From the comparisons in Fig. 5.5, one finds that accounting for nuclear effects in the
attenuation calculation has two main implications. First of all, at large neutrino energies the
attenuation rates decrease (the transmission coefficient T increases) as a consequence of the
shadowing-induced suppression of the neutrino-nucleus cross section displayed in Eq. (5.4).
Secondly, there is a marked increase in the associated PDF uncertainties at large Eν . One
also finds that nuclear effects are somewhat less important for larger values of cos θ, that is,
for neutrinos that propagate though a sizable amount of Earth matter. This latter result
suggests that the measurement of the interaction cross sections of energetic Earth-skimming
neutrinos would represent a promising probe of small-x nuclear structure. For instance, a
rececent study estimates that next-generation UHE neutrino experiments such as GRAND
and POEMMA [135] could measure this cross-section for neutrinos of Eν ' 109 GeV with
20% precision. The comparison with Fig. 5.4 then demonstrates that such measurements
would bring in important information on models of nuclear PDFs.
6 Summary and outlook
A central ingredient for the interpretation of the results of neutrino telescopes are the theoret-
ical predictions for the attenuation rates that affect the incoming neutrinos as they traverse the
Earth towards the detector. In this work, we have presented predictions for high-energy neut-
rino propagation through Earth matter. Our results are based on state-of-the-art calculations
for the high-energy neutrino-matter interaction cross-sections, which we have implemented in
an updated version of the HEDIS module of the GENIE generator. In addition to the dominant
interaction process, DIS off quarks and gluons, we have included all other relevant subdomin-
ant channels: (in)elastic scattering off the photon field of nucleons, coherent scattering off the
photon field of nuclei, as well as the scattering on atomic electrons via the Glashow resonance.
Our predictions for the neutrino attenuation rates, based on this calculation of the
interaction cross-sections, have been obtained by means of a newly developed Monte Carlo
simulation framework, NuPropEarth. The flexibility of NuPropEarth has allowed us to study
in detail the sensitivity of the predicted attenuation rates with respect to the DIS cross-
section model, including nuclear PDF effects, the value of the spectral index γ, the incidence
angle, and the impact of the sub-leading interaction processes. We have also compared the
predictions of NuPropEarth with those from related tools, in particular with nuFATE, NuTauSim
and TauRunner, and traced back the origin of the observed differences.
We have demonstrated that, given the sensitivity of the attenuation rates on the high-
energy neutrino-nucleus cross sections, adopting precise calculations for the latter is essential.
The baseline results of NuPropEarth are based on the BGR18 DIS cross sections, constructed
from PDFs constrained at small-x by the LHCb D-meson data. This choice ensures that
PDF uncertainties in the attenuation rates are limited to the few-percent level except for
the highest neutrino energies, where the flux is strongly attenuated. We also found that
nuclear PDF effects have a significant effect in the predictions for the attenuation rates.
The large uncertainties that affect small-x nPDFs translate into large PDF uncertainties in
the transmission coefficient T for high values of Eν . Improving the precision of nuclear PDF
determinations is therefore important in order to enhance the robustness of calculations of the
neutrino attenuation rates. In the longer term, measurements of high-energy neutrino event
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rates could be used to test QCD calculations and models of nucleon and nuclear structure,
for instance by means of Earth-skimming neutrinos with the proposed GRAND experiment.
As neutrino astronomy evolves from discovery to precision science, improving our mod-
elling of neutrino-matter interactions is becoming increasingly crucial. The availability of
the NuPropEarth package should thus represent a powerful resource for theorists and experi-
mentalists interested in the modelling of high-energy neutrino interactions, propagation, and
detection.
The NuPropEarth code can be downloaded from its public GitHub repository:
https://github.com/pochoarus/NuPropEarth
Some information about the installation and usage of the code is provided in Appendix C.
NuPropEarth will be also integrated in a novel framework called gSeaGen [136] for the mod-
elling of neutrino and lepton event rates for custom detector geometries. The installation of
NuPropEarth requires the HEDIS module of GENIE. A modified non-official version of GENIE
with the HEDIS module integrated can be obtained from:
https://github.com/pochoarus/GENIE-HEDIS/tree/nupropearth
HEDIS will become part of the official GENIE distribution with its next major release.
In addition to the code itself, in the HEDIS repository we also make available pre-
computed cross-section tables for a variety of theory settings as a function of the neutrino
energy. We provide these look-up tables available both in XML format and as ROOT n-tuples.
In particular, our calculation of the neutrino-matter cross sections including all subleading
processes and presented in Sect. 4.4 can be obtained from:
https://github.com/pochoarus/GENIE-HEDIS/tree/nupropearth/genie_xsec
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A Dependence of the attenuation rates on the spectral index
The results presented in Sect. 4 assumed that the spectral index γ that characterizes the
energy scaling of the incoming neutrino flux, φ0(Eν) ∝ E−γν , was fixed to be γ = 2. The
motivation for this choice was that such a value for the spectral index is consistent with
the latest measurements of the energy dependence of astrophysical neutrinos as measured by
IceCube. In this Appendix we study how the NuPropEarth predictions vary as the value of
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Figure A.1. The transmission coefficient T for muon and tau neutrinos for two values of the incident
angle cos θ. The upper (lower) plots display the NuPropEarth predictions for a spectral index of
γ = 3 (1). The bottom panels display the ratio to the full absorption case.
the spectral index γ is changed, that is, how the attenuation rates are modified if the incoming
neutrino flux is harder or softer as compared the assumed baseline scenario.
Fig. A.1 displays a similar comparison as that in Fig. 4.1 now for two different values
of the spectral index, γ = 3 and γ = 1, rather than the γ = 2 value using in the baseline.
All other input theoretical settings of the calculation, such as the DIS cross-section model,
are kept the same as those used in Fig. 4.1. Results are provided for two values of the
incident angle cos θ, note the different range of Eν in each case. The bottom panels display
the corresponding relative PDF uncertainties.
The comparison between Figs. A.1 and 4.1 reveals that in the case where the incoming
astrophysical neutrino flux is softer (γ = 3), the results for the attenuation rates are reasonably
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similar than those obtained in the baseline scenario (γ = 2). The situation is different in
the case of a harder incoming neutrino flux (γ = 1), where the predictions for T change
significantly for tau neutrinos. Indeed, one finds that in this case there is a range of values
of Eν for which the transmission coefficient becomes larger than unity. The explanation of
this behaviour is that ντ regeneration effects are markedly enhanced for hard spectra, where
high-energy tau neutrinos are effectively converted into lower-energy ones, in such a way that
the overall neutrino flux for a given range of energies is larger than the incoming flux. As
one can see from Fig. A.1, in the case of cos θ = 0.1 (0.9) the transmission coefficient for ντ
is larger than unity for Eν . 108.5 (106) GeV. Interestingly, for such a hard spectral index
(γ = 1), the interactions with Earth matter actually enhance, rather than attenuate, the
incoming astrophysical neutrino flux for a wide range of energies.
It is also worth mentioning that the PDF uncertainties associated to the transmission
coefficients are essentially independent on the value assumed for the spectral index γ. The
same considerations apply to the case where nuclear corrections are taken into account.
B Recommended settings for the neutrino-nucleon cross-section
Throughout this paper, we have displayed results for the neutrino-nucleon cross sections
obtained with HEDIS, which use the theoretical model for the computation of the DIS structure
functions (input PDF sets and theoretical settings) as presented in the CMS11 [23] and
BGR18 [24] calculations. The comparison of these two models is given in Fig. 2.2, where
the implementation of CMS11 and BGR18 calculations within HEDIS is validated (the central
values and PDF uncertainties of the original NLO calculations are reproduced).
There are two important points which require comment. Firstly, in Fig. 2.2 the CMS11
calculation is compared to the HEDIS implementation of the BGR18 calculation in the region
Eν . 5 × 103 GeV (below the recommended use of BGR18). In this region both CC and
NC computations differ by up to ≈ 15%. The second is that large differences are observed
for the CC process across all shown energies, this ranges from ≈ 6% at Eν = 5 × 103 GeV,
and exceeds 10% for Eν & 107 GeV. We clarify the origin of the observed differences in what
follows. A recommendation (where appropriate) for future neutrino-nucleon DIS predictions
is also provided—this recommendation has been made default within HEDIS.
B.1 The role of the low-Q2 region
As noted above, there are large differences observed between the CMS11 and HEDIS imple-
mentation of the BGR18 calculation in the energy range of Eν . 5 × 103 GeV. In this
energy range, the predicted neutrino-nucleon cross-section is small, and the impact on the
attenuation rate is negligibly small (see Fig. 4.2). However, as HEDIS allows the user to com-
pute the neutrino-nucleon cross-section in this region, we comment on the validity of making
predictions in this regime.
In the energy range of Eν . 5 × 103 GeV, the main difference between the predictions
shown in Fig. 2.2 is the choice of Q0 of the associated input PDF set, which determines the
lower bound of the Q2 integration entering the inclusive cross-section prediction obtained
from integrating Eq. (2.1). The relevant settings of the input PDF sets for these two models
are summarised in Table B.1. As noted in Sect. 2.2 of Ref. [24], the contribution to the
inclusive cross section for Eν . 5 × 103 GeV from the low-momentum transfer (low-Q2)
region is non-negligible. To better quantify this point, in Fig. B.1 we compare the cross-
section predictions obtained with CMS11 and BGR18 models, where we have included the
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Table B.1. Summary of relevant input settings for the CMS11 and BGR18 DIS models.
Model PDF set Q0 [GeV] xmin
CMS11 HERAPDFNLO1.5 1.0 10−8
BGR18 NNPDF3.1sx+LHCb 1.64 10−9
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Figure B.1. Same as Fig 2.2, now comparing the central values of the CMS11 and BGR18 calculations
with the default theory settings. In the former case, we use either Qmin = 1.64 GeV or 1.0 GeV as
the lower limit of the Q2 integration.
predictions from CMS11 with either Qmin = 1.64 GeV or 1.0 GeV as the lower limit of the
Q2 integration. This demonstrates the relevance of the low-momentum region to the inclusive
cross section for Eν . 5 × 103 GeV. For neutrino energies above Eν ' 5 × 103 GeV, the
contribution of this low-Q2 region to the inclusive cross section is small (≈ 1% or below). It is
for this reason that the BGR18 model can only be considered reliable (as explicitly discussed
in [24]) for Eν & 5× 103 GeV, as indicated by the red solid filled region in Fig. 2.2.
Clearly, a description of this low-Q2 is region is required to reliably predict the inclusive
cross section (with percent level accuracy) for neutrino energies in the range Eν . 5×103 GeV.
This is however a kinematic region where the framework of collinear factorisation starts to
break down, and hence also the computation of structure functions according to Eq. (2.1).
Practically, this breakdown is observed as a deterioration in the value of χ2/ndat of a collinear
PDF fit when data in the low-Q2 region is included. This effect has been observed by several
PDF fitting groups—see for example Fig. 2 and 3 of Ref. [137]. As a result, it is difficult to
determine how reliable the predictions of the structure functions F νNi (x,Q
2) within the range
of Q2 ∈ [1.0, (1.64)2] GeV2 are. Also, the contribution from integration region of Q2 ≤ 1 GeV2
is still absent in this approach.
As HEDIS accommodates the use of any input PDF set, the user is free to choose which
inputs they wish to use for the calculation in this low-energy region. However, care must be
taken when interpreting the results for the reasons discussed above. In the future, improved
predictions for this low-Q2 region may be assessed through a combined fit of collinear PDFs
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Figure B.2. Comparison between NNPDF3.1sx+LHCb (used as reference for the normalisation),
CT18, and HERAPDF1.5, with the corresponding one-sigma uncertainty bands. We display the
gluon, the total quark singlet, the up and down quark valence distributions, the up and down quark
sea, and the total strangeness at Q = 15 GeV in the x region relevant for neutrino-nucleus scattering
with Eν ' 5 × 103 GeV. The HERAPDF1.5 error band includes only the contribution from the
experimental uncertainties but not from the model and parametrisation errors.
which smoothly transitions onto a fit of structure functions for Q . 2 GeV, or a model-
dependent extrapolation as in [138].
B.2 Dependence on the input PDF set
As indicated in Table B.1, another difference between the CMS11 and BGR18 calculations is
the input PDF set, HERAPDF1.5 and NNPDF3.1+LHCb respectively. While the former is
restricted to HERA structure functions, the latter is a global analysis which also includes the
constraints from fixed-target DIS and weak gauge-boson production at colliders, among other
processes. For neutrinos of energy Eν ' 5×103 GeV, it can be shown that the inclusive cross-
section is dominated by the region around Q ∼ 15 GeV and 0.04 . x . 0.6. The comparison
between these two PDF sets in this kinematic region is displayed in Fig. B.2, where the
corresponding results for the recent CT18 global analysis [107] are also shown. Specifically,
we show the following (combinations of) PDFs: the gluon; the total quark singlet; the up and
down quark valence distributions, the up and down quark sea, and the total strangeness.
Before studying the differences in the PDF sets, it is useful to note the PDF combina-
tions which enter the leading-order structure function predictions for an isoscalar target—see
Eq. (4) and Eq. (5) of [23]. For example, the prediction for F2 is proportional to the quark
singlet combination, while the leading contribution to F3 is from the valence content. From
the comparisons in Fig. B.2 one can observe that in general the quark PDFs are higher in
HERAPDF1.5 as compared to NNPDF3.1+LHCb. For instance, the quark singlet is 5% lar-
ger at x = 0.2, and the up valence distribution is 10% larger at x = 0.04. Combined with the
above information, the ' 5% difference found between the CMS11 and BGR18 calculations
in the region Eν ∼ 5× 103 GeV can be traced back to the use of different input PDFs.
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Figure B.3. Same as Fig. B.1 now comparing the BGR18 calculation with the CMS11 default (based
on the ZM-VFN scheme) and with a calculation which also uses HERAPDF1.5 as input PDF but
now with structure functions evaluated in the FONLL general-mass scheme.
Given that in the x & 0.04 region the HERAPDF1.5 determination has limited in-
formation on quark flavour separation (coming from the CC structure functions at high Q2),
and that NNPDF3.1+LHCb includes the D-hadron data which constrains the small-x gluon
PDF (which is relevant at large neutrino energies), we consider the global determination
NNPDF3.1+LHCb to be a more reliable input for the neutrino-nucleon cross-section for
Eν & 5× 103 GeV.
B.3 Mass effects in top quark production in CC scattering
The other major difference between the CMS11 and BGR18 calculations is the treatment of
heavy quark mass effects, which is most relevant for the description of top quark production
in charged-current scattering.
In the CMS11 model, the top quark contribution is included as part of a zero-mass
variable flavour number (ZM-VFN) scheme, where all quarks are treated as massless. As
part of this calculation, a threshold constraint is also included with the requirement W 2 =
Q2(1/x−1) ≥ m2t , which that ensures the mass of the out-going hadronic system exceeds the
top quark production threshold.
In the BGR18 calculation top quark mass effects are instead included as part of the
FONLL general-mass VFN scheme as implemented within APFEL and described in [57, 139].
This is the same mass scheme which is used for the extraction of the NNPDF3.1 set [66].
In the FONLL formalism, the prediction obtained with the massive charm quark structure
function (nf = 3) is improved through the inclusion higher-order terms which are resummed
as part of the massless computation—see Eq. (28) onwards of Ref. [139] for details. The
impact of bottom and top quark mass effects are included via single-mass contributions to
the structure function in the nf = 3 scheme. As a consequence, the impact of the leading
logarithmic b-quark initiated contribution to the sub-process νb → `t is absent within this
implementation.
In Fig. B.3 we compare the BGR18 calculation with the CMS11 default (based on the
ZM-VFN scheme) and with a calculation which uses HERAPDF1.5 as input PDF but with
structure functions evaluated in the FONLL general-mass scheme. One finds that, once a
common treatment of heavy quark mass effects is adopted, the predictions for the CC cross-
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Figure B.4. Same as Fig. B.1 now comparing the predictions for the NC and CC inclusive DIS cross-
sections with NNPDF3.1sx+LHCb as input PDF and three different heavy quark mass schemes: the
massless calculation (ZM-VFN), the FONLL calculation as implemented in [24], and a fully massive
calculation of top quark production in the nf = 5 scheme. See text for more details.
sections are in much better agreement for Eν & 104 GeV (and as discussed before, the
differences for Eν . 104 GeV are explained by the value of Q0 and the input PDFs). In the
case of NC scattering, mass effects are much less important and the CMS11 calculation is
only mildly modified when structure functions are evaluated with the FONLL scheme.
Fig. B.4 then displays a comparison of the predictions for NC and CC inclusive DIS
cross-sections using NNPDF3.1sx+LHCb as input PDF for three different heavy quark mass
schemes: the massless scheme, the FONLL general-mass scheme as implemented in [24], and
a fully massive calculation of top quark production in the nf = 5 FFN scheme. In the latter
case, top quark mass effects are accounted for exactly, all other quarks are treated as massless,
and all b-quark initiated contributions are included. One can observes how the ZM-VFNS
prediction greatly overestimates the rate of top-quark production. This is a consequence
of the approximate treatment of the heavy quark threshold at small Q2 values. At leading
order, the relation between x (the kinematic DIS variable) and χ (the argument of the PDF
in a massive computation) is χ = x
(
1 +m2t /Q
2
)
. This means that requiring a production
threshold of Q2(1/x−1) ≥ m2t leads to an over-estimation of the kinematically allowed region
of the top quark. In contrast, the FONLL prescription underestimates the cross-section by a
few percent for Eν ∼ 107 GeV and up to 8% at Eν ∼ 1010 GeV, as a result of the missing
leading-logarithmic correction mentioned above.
While the latter issue can in principle be addressed, for example by including two-quark
mass contributions to the FONLL structure functions, our current recommendation is that
the best predictions of the neutrino-nucleon cross section in CC scattering are those obtained
with the FFNS (nf = 5) prediction of the structure functions. An inconsistency is introduced
in this approach if VFNS inputs PDF sets are used. However, as top quark mass effects are
much more relevant for the inclusive cross-section at high energies, this is a preferable option.
This has been made the default for the CC process within HEDIS. We refer the reader to [140]
for a discussion on the feasibility of measuring exclusive top-quark production with IceCube.
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C Installation and usage of NuPropEarth
In this appendix we provide some brief instructions concerning the installation and usage of
NuPropEarth.
Installation. As mentioned above, the code can be downloaded from its GitHub repository:
https://github.com/pochoarus/NuPropEarth
which also contains the corresponding installation instructions. The main dependencies of
NuPropEarth are GENIEv3 with the HEDIS module included, TAUOLA++ [103] and TAUSIC [102].
A modified non-official version of GENIEv3 with HEDIS integrated can be obtained from:
https://github.com/pochoarus/GENIE-HEDIS/tree/nupropearth
We note that HEDIS will become part of the official GENIE distribution with its next major
release. The installation of GENIE/HEDIS relies on a number of external packages: ROOT6,
Pythia6 [141], LHAPDF6 [61], and the PDF evolution library APFEL [47, 142].
Once these external packages have been installed, one can proceed with the installation
of GENIE3/HEDIS and NuPropEarth by using the following commands:
cd $GENIE
./configure –enable-lhapdf6 –enable-apfel –with-lhapdf6-inc=$LHAPDF/include
–with-lhapdf6-lib=$LHAPDF/lib –with-apfel-inc=$APFEL/include
–with-apfel-lib=$APFEL/lib
make
cd $NUPROPEARTH
make
Usage. In order to run NuPropEarth, one should enter the following commands:
NUMBEROFEVENTS="1e5"
NUPDG="14" # 14=numu, 12=nue, 16=nutau, -14=anumu, -12=anue, -16=anutau,
COSTHETA="0.1"
TUNE="GHE19_00a_00_000"
MODULE="HEDIS"
ComputeAttenuation -n $NUMBEROFEVENTS -t $COSTHETA -p $NUPDG –-cross-sections
$GENIE/genie_xsec/$TUNE.xml
–-event-generator-list $MODULE –-tune $TUNE
where the various inputs that the code requires for its execution are the described in the
following. First of all, NUMBEROFEVENTS indicates the number of Monte Carlo events to be
generated. To ensure that the code produces sufficient statistics for the applications discussed
in this work, we find that one should generate at least 106 events per simulation. NUPDG
indicates which of the six possible (anti-)neutrino flavours compose the incoming flux for which
its attenuation is being computed and COSTHETA stands for the cosine of the nadir (incident)
angle cos θ. The next input that needs to be selected is the parameter TUNE indicates the
model for the neutrino-nucleon DIS cross section adopted. For example, GHE19_00a_00_000
stands for the member 0 of the BGR18 calculation while GHE19_00b_00_000 for the member
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0 of the CMS11 calculation. Additional cross-section models, for example for new PDF sets,
can be obtained by adjusting the corresponding source code.
The parameter MODULE allows selecting the specific neutrino-matter interaction processes
to be included in the calculation of the attenuation rates. This parameter can be used to
reproduce some of the comparison studies that we presented in Sect. 4. If MODULE="HEDIS"
is used, then only neutrino-nucleon DIS interactions will be take into account. For ν¯e, the
scattering of atomic electrons is relevant, so "HEDISGLRES" is more convenient. To incorporate
all the sub-leading processes described in Sect. 2.1, then "HEDISGLRESAll" should be used.
Varying other settings of the simulation, such as the value of the incoming neutrino flux
spectral index, can also be modified using command line arguments.
Precomputed cross-section tables. The most CPU-intensive task when simulating the
neutrino interaction events required for the attenuation calculation is the evaluation of the
interaction cross sections. Therefore, pre-computed cross section data are used to reduce
the computational time. The cross section for each process is tabulated as function of the
incoming neutrino energy and written out in XML format. Those files are converted to ROOT
format to facilitate its usage. Both formats can be found the non-official repository of GENIE,
https://github.com/pochoarus/GENIE-HEDIS/tree/nupropearth/genie_xsec
Specifically, the pre-computed neutrino-matter interaction cross-section files for all the sub-
processes that we discuss in this work can be found in the that link. They include the
neutrino-nucleon DIS model (for the member 0 of both the BGR18 and CSM11 calculations)
and all the sub-leading contributions for different neutrino flavors and nuclei. In the pre-
computed tables that we provide, the neutrino energy Eν ranges from 100 GeV to 1010 GeV.
In addition, Table C.1 provides the results for the muon neutrino-nucleon total cross sections
for CC and NC interactions as function of the neutrino energy, assuming an isoscalar target
and using the optimal HEDIS settings described in Appendix B. For reference, we also display
the corresponding predictions (and their uncertainties) for the HEDIS calculations based on
the original BGR18 and CMS11 settings.
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